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INTRODUCTION (Subject, Purpose, Scope of the Research):

The clinical manifestations of viral injury result from the capacity of viruses to
damage or kill cells in different organs. Two distinct patterns of cell death, necrosis and
apoptosis, have been recognized and can be distinguished based on a variety of
morphological criteria. Apoptotic cell death is characterized by diminution in cell size,
membrane blebbing, and compaction, margination and fragmentation of nuclear DNA. DNA
fragmentation occurs predominantly at internucleosomal regions resulting in the generation
of pathognomonic DNA 'ladders' when DNA from apoptotic cells is subjected to agarose gel
electrophoresis. The subject and purpose of this research project is to study the cellular
mechanisms by which viruses induce apoptotic cell death.

This is the third annual progress report on this research project. Six papers have been
published or accepted for publication during the current reporting period, and three
additional papers are currently under review. (see Reportable Outcomes). In accordance with
the format requirements for preparing this progress report, we have included reprints of all
published papers and copies of all accepted papers in an appendix. The technical reporting
requirements for this grant specify that journal publications can be substituted for detailed
descriptions of specific aspects of the research. However, to facilitate review of this report,
we have also briefly summarized the key points in these papers in the text (see Research
Accomplishments) with detailed references to particular figures in individual papers.
Accomplishments are reviewed below and keyed to the specific aims as outlined in the
original research application.

RESEARCH ACCOMPLISHMENTS
(Keyed to individual specific aims in the original Statement of Work)
Specific Aim 1: Is apoptosis a general feature of human viral encephalitis?

As previously noted we have identified and collected a substantial number of brain
tissue specimens from autopsy and surgical pathology cases of patients with identified forms
of viral encephalitis from the Pathology Department of the of the University of Colorado
Health Sciences Center and its affiliated medical institutions. As suggested by previous
reviewers we have elected to initially focus on the subset of cases involving
immunocompetent individuals. We have also decided to initially focus on those cases with
herpesvirus infections, particularly those due to herpes simplex virus (HSV, ten cases), and
cytomegalovirus (CMYV, three cases of congenital CMV in immunocompetent individuals).

We have tested a variety of staining techniques on this material in order to facilitate
identification of apoptotic cells. Based on our experience with infected mouse brain tissue
(Oberhaus et al., J Virol 71:2100-06, 1997), we initially utilized TUNEL staining to search
for apoptosis in human brain material. Our initial experience with this technique was
disappointing. Although TUNEL positive areas were identified in infected brain sections, it
was difficult to characterize the nature of the infected cells, and the nature of the positive
staining was such that we felt it was critical to develop an independent method to support the
presence of apoptotic injury. We have therefore performed additional studies using reovirus-
infected mouse brain tissue to identify promising techniques that could be used to
supplement results obtained with TUNEL staining. We have achieved excellent results in
mouse brain tissue using monoclonal antibodies specific for the activated form of caspase-3
(Appendix, Figure 1), and antibodies specific for the caspase-3 specific cleavage product of
PARP (poly-ADP-ribose polymerase). Caspase 3 is an effector caspase that is activated in




virtually all known forms of neuronal apoptosis. PARP is a well characterized cellular
substrate for caspase-3 and other effector caspases, and its cleavage into specific fragments is
a reliable indicator of effector caspase activation. We have had excellent results staining
human brain material for the presence of activated caspase 3. An example of positive
caspase 3 staining, indicative of apoptosis, is shown in a brain tissue specimen from a child
with congenital CMV infection (note also the characteristic CMV-infected multinucleated
cells)(Appendix, Figure 1). We believe this is the first clear demonstration that CMV
encephalitis is associated with apoptotic cell death. We are currently screening all our non-
HIV associated CMV cases, confirming the results obtained with caspase 3 staining with
TUNEL and co-staining for viral antigen, and with cell specific markers (e.g. lymphocyte
markers for infiltrating cells). Similar studies are underway in the HSV brain material. We
are extremely encouraged by these recent results, and anticipate submitting a paper
describing apoptosis in human non-HIV encephalitis during the next reporting period. As
part of our analysis of the cases with herpesvirus infections we have published a paper,
supported by this grant, reviewing the use of polymerase chain reaction techniques in the
diagnosis of herpesvirus infections of the CNS (Kleinschmidt-DeMasters et al. Brain
Pathology 11:452-64, 2001).

Specific Aim2: Is the ceramide-sphingomyelin pathway involved in reovirus-induced
apoptosis? We have made substantial progress in accomplishing the goals of this specific
aim, and, as outlined in earlier annual reports, have expanded this aim to identify cellular
pathways involved in reovirus-induced apoptosis. During the current reporting period three
papers have been published or accepted by the Journal of Virology (the leading journal in
the field), and an additional paper by Oncogene. An additional paper is currently under
revision at the Journal of Virology. Two additional papers are currently under review by the
Journal of Virology and by the Journal of Neuroscience. (Copies of all published and in
press papers referred to below are included in the appendix). Unless otherwise noted, figures
referred to in the text are from these papers. We have previously shown, in work supported
by this grant, that reovirus infection of HeLa cells is associated with a dramatic increase in
NF-xB activity, and that inhibition of this activity inhibits apoptosis (see Connolly et al., J
Virol 74:2981-89, 2000). We have now extended this observation by showing that reovirus
infection is also associated with activation of the transcription factor c-Jun and identifying
viral factors and cellular pathways involved in this process (Clarke et al. J Virol in press,
2001).

c-Jun activation results from its phosphorylation by specific kinases. Activated c-Jun
can homo- or hetero-dimerize with related proteins to form the Ap-1 transcription factor
complex. Activated c-Jun/Ap-1 is translocated to the nucleus where it activates the
transcription of specific sets of cellular genes with AP-1 specific promoters. We have shown
that reovirus infection is associated with selective activation of specific mitogen activated
protein kinases (MAPKSs) (Clarke et al. J Virol, in press, 2001). Reovirus infection activates
c-Jun amino-terminal kinase (JNK) (also known as stress activated protein kinase, SAPK)
and extracellular response kinase (ERK) (Clarke et al J Virol, 2001: Fig. 1, Fig. 5), but does
not activate p38 MAPK or Akt kinase (ibid, Fig.5). Activation of JNK occurs as early as 10-
12 hrs post-infection (ibid, Fig. 1, Fig. 2). Specific patterns of MAPK activation have been
associated with apoptosis, with JNK activation often being associated with pro-apoptotic
phenomena. We have shown that there is a strong correlation between the capacity of the




prototypic reovirus strains T1L, T3D, and T3 A to activate JNK and to induce apoptosis (ibid,
Figure 3). Because of differences in the capacity of reovirus strains to activate JNK we have
been able to use reassortant viruses containing different combinations of genes derived from
TIL (a poor JNK inducer) and T3D (a potent JNK inducer) to identify viral genes that played
a key role in this process. Using a panel of TI1L x T3D reassortant viruses we have shown
that two reovirus genes (S1, M2) were associated with differences in the capacity of reovirus
reassortants to activate JNK (ibid, Table 1). Unfortunately the nature of the reassortant pool
tested did not permit us to initially distinguish the relative contributions of these two gene
segments. .

One of the principal substrates for JNK is the transcription factor c-Jun. Consistent
with our finding that reovirus infection can activate JNK, we have also shown that reovirus
infection is associated with significant increases in the amount of phosphorylated (active) c-
Jun in infected cells (ibid, Figure 2). We now have preliminary data that differences in the
capacity of reovirus strains to induce c-Jun phosphorylation is determined by the viral S1
gene. The reassortant pool used for these experiments enabled us to identify just the S1
gene, rather than the S1 and M2 genes, as the key determinant in strain-specific differences
in c-Jun activation.

The S1 gene is bicistronic and encodes both the virion structural protein 61 and a
small non-structural protein, 61s. We have shown, in work supported by this grant (see
Specific Aim 3) that the S1-encoded c1s protein plays a critical role in virus-induced
perturbation of cell cycle regulation. We have measured c-Jun activity in cells stably
transfected with ols under the control of a cadmium inducible promoter. Preliminary studies
suggest that there is substantially more c-Jun activation in cells expressing ols as compared
to control cells (cadmium treated cells stably transfected with a plasmid that lacks cls).
Supporting these results, we have also recently found that a reovirus s null mutant
(T3C84-MA, gift of Dr. T. Dermody, Vanderbilt University) induces substantially less c-Jun
activation than its wild-type (c1s-positive) parent (T3C84). These results indicate that
reovirus infection is associated with selective activation of the JNK MAPK cascade and
its associated transcription factor c-Jun. Activation of both c-Jun and JNK correlates
with the capacity of viruses to induce apoptosis, and is determined by the viral S1 gene
(a gene we have previously shown is a key determinant of both apoptosis and cell cycle
perturbation).

Our work, supported by this grant, indicates that reovirus infection is associated with
activation of transcription factors including NF-xB and c-Jun. We have shown that inhibition
of NF-xB activation inhibits reovirus-induced apoptosis (see Connolly et al. J Virol 74:2981-
9, 2000). We have also shown that there is a strong correlation between the capacity of
reoviruses to activate JNK and c-Jun and their capacity to induce apoptosis (Clarke et al. J
Virol, in press 2001). These studies form the basis for our studies, supported by a
supplement to this grant, of the pattern of reovirus-induced gene expression in target cells
(Poggioli G et al. J Virol, under revision, 2001).

We have used large-scale oligonucleotide microarray technology to examine the
pattern of gene expression in cells infected with apoptosis-inducing (T3A) and non-inducing
(T1L) strains of reovirus. For our initial studies we elected to look at infection of HEK293
cells, a human embryonic kidney epithelial line. These cells were selected because of our
extensive previous work in this line identifying apoptotic signaling pathways (see below).




Total cellular RNA was extracted from duplicate sets of infected (T1L, T3A) and mock-
infected cells at 6, 12, and 24 hrs post-infection. Total RNA was reversed transcribed into
c¢DNA then in vitro transcribed and biotin labeled to yield biotin-labeled cRNAs. These
cRNAs were fragmented (60-300 base-pair size) and hybridized to Affymetrix Hu95A
Genechips. These chips contain oligonucleotides probe sets corresponding to ~12,000 human
genes (the largest chip currently available). Binding of cRNAs was detected following
streptavidin-phycoerythrin staining. Chips were analyzed according to standard protocols
(see Poggioli et al. J Virol, under revision, 2001 for additional details).

We utilized stringent criteria for analysis of virus-induced changes in gene
expression. In order to consider a gene up-regulated we required that levels of expression of
the target gene in each of the independent duplicate sets of infected cells differed by >2-fold
as compared to expression in independent duplicate sets of mock-infected cells (4-way
analysis). Using these criteria we found that 18 of the 12,000 genes analyzed were up-
regulated and none down-regulated in T3D infected cells at 6 hrs. By 12 hrs the numbers had
increased to 29 up-regulated and 57 down-regulated genes, and by 24 hrs there were 215 up-
regulated and 94 down-regulated genes. The majority of the genes involved encode proteins
involved in signal transduction, transcription, apoptosis and DNA damage and repair, and
cell cycle regulation. An initial manuscript describing reovirus-induced transcriptional
alteration of genes related to cell cycle is under revision (Poggioli et al. J Virol, under
revision, 2001) (see Aim 3 research results).

Pilot studies of genes expression using multiprobe ribonuclease protection assays
suggested that cell surface death receptors belonging to the TNF receptor superfamily, and
specifically death receptors 4 & 5 (DR4, DRS5) and their apoptosis-inducing ligand (TRAIL)
might play an important role in reovirus-induced apoptosis. We have now confirmed these
results (Clarke et al. J Virol 74:8135-9, 2000). Antibodies against TRAIL, but not against
other TNF family death ligands (FasL, TNF) inhibited reovirus induced apoptosis in both
HEK?293 cells and mouse L1929 fibroblasts (Clarke et al. J Virol 74:8135-9, 2000: Fig. 1). In
order to confirm these results, cells were also pre-treated with soluble forms of the DR4 and
DRS5 receptor. These soluble receptors bind TRAIL, and inhibit its binding to functional
cell-surface receptors. Pre-treatment of cells with soluble DR4 and DRS receptors, but not
with soluble TNF-receptor, inhibited reovirus apoptosis in a dose-dependent manner (Clarke
etal., J Virol 74:8135-9, 2000: Fig.1).

There has recently been intense interest in the potential utility of TRAIL
as a cancer chemotherapeutic agent. We have recently shown, in work supported by this
grant, that reovirus infection induces apoptosis in a variety of cancer cell lines including
those derived from lung, breast, and cervical cancers (Clarke et al., Oncogene, in press,
2001). In addition, reovirus infection can sensitize cells to killing by TRAIL, and can make
previously resistant cells susceptible to TRAIL-induced apoptosis (Clarke et al. Oncogene, in
press, 2001). The mechanism of reovirus-induced sensitization of cancer cells to killing
involves the capacity of TRAIL and reovirus to induce synergistic activation of the key
initiator protease, caspase 8, and can can be inhibited by cell permeable peptide inhibitors of
caspase 8 (Clarke et al., Oncogene, in press 2001).

Our previous in vivo studies (Oberhaus et al., J Virol 71:2100-06, 1997)
demonstrated that in addition to the capacity to induce apoptosis in a variety of cultured cells
in vitro, that reovirus infection also induced apoptosis in vivo in the mouse CNS. In an effort
to better understand whether the cellular pathways involved in neuronal apoptosis differed




from those in epithelial and cancer cells, we have examined the capacity of reoviruses to
induce apoptosis in both neuroblastomas and primary mouse cortical neuronal cultures
(Richardson-Burns et al., J Neuroscience, submitted, 2001). We have shown that reovirus
does induce apoptosis in neuronal cultures (primary and continuous) as determined by a
variety of techniques including nuclear morphology using dye staining assays, TUNEL
staining, annexin staining, and the presence of oligonucleosomal DNA ladders. Infection is
associated with activation of caspase 3, and can be inhibited by cell permeable pancaspase
and caspase-3 specific peptide inhibitors. Studies are currently underway to determine
whether neuronal apoptosis involves the DR4/DR5/TRAIL system, and whether the caspase
activation pathways are similar to those encountered in epithelial and cancer cells.

Interaction of specific apoptosis-inducing ligands with their cognate death receptor
results in oligomerization of receptors. This allows cytoplasmic death domains (DDs) of
these receptors to interact. Apposition of these DDs is followed by their interaction with
adapter proteins (exemplified by TNF Receptor associated death domain protein, TRADD
and Fas associated death domain protein, FADD). These proteins contain death effector
domain (DED) sequences that interact with initiator caspases (e.g. caspase-8). Initiator
caspases in turn interact with other caspases in an ordered cascade that leads ultimately to the
activation of effector caspases (e.g. caspase 3) and apoptosis. Additional proteases,
including the calcium-activated neutral protease, calpain, are also involved in this process.

We have now completed a detailed characterization of the caspase cascades activated
following reovirus infection. Reovirus-induced apoptosis requires a FADD-like adapter
protein, and is inhibited by over-expression of a dominant-negative form of FADD (Clarke et
al., J Virol 74:8135-9, 2000: Fig. 5). Caspase 8 is activated as an early event following
reovirus infection (Kominsky et al., J Virol, submitted, 2001), and this activation is inhibited
in cells stably expressing DN-FADD. Caspase 8 activation is followed by cleavage of Bid
(Kominsky et al., J Virol, submitted, 2001: Fig 4), a pro-apoptotic member of the Bcl-2
family of proteins. Cleaved Bid translocates to the mitochondrion where it interacts with
other Bcl-2 family members including Bak and Bax to facilitate release of cytochrome c¢ into
the cytoplasm, where it forms part of the apoptosome that activates caspase 9. We have
shown that reovirus infection is associated with cytosolic release of cytochrome ¢ as early as
6 hrs post-infection, and subsequently with activation of caspase 9 (Kominsky et al., J Virol,
submitted, 2001: Fig. 2 & 3). Activation of the death-receptor associated effector caspase
(caspase 8) and the mitochondrial effector caspase (caspase 9) is associated with subsequent
activation of caspase 3 and the cleavage of caspase-3 related cellular substrates including
poly-ADP ribosyl polymerase (PARP) (Kominsky et al., J Virol, submitted, 2001: Fig 5). As
would be predicted from these results, we have also shown that cell permeable peptide
inhibitors specific for caspases including caspases 3, 8 and 9, but not for other caspases (e.g.
caspase 1) inhibit reovirus-induced apoptosis (Kominsky et al., J Virol, submitted, 2001: Fig.
9).

We have previously shown that over-expression of the anti-apoptotic protein Bcl-2 in
MDCK cells inhibits reovirus-induced apoptosis (Rodgers et al. J Virol 71:2540-46, 1997).
We have now shown that stable over-expression of Bcl-2 inhibits both cytosolic release of
cytochrome ¢ and activation of caspase 9. Inhibition of caspase 8 activation by stable over-
expression of FADD-DN prevents Bid cleavage and subsequent mitochondrial cytochrome ¢
release (Kominsky et al., J Virol, submitted, 2001: Fig. 7). Taken together these results




indicate that reovirus-induced apoptosis is initiated by death-receptor activation and that this
process is augmented and amplified by mitochondrial factors.

In previously published work, supported by this grant, we have shown that calpain is
activated following reovirus infection and that inhibition of this activation with either active
site or calcium-binding site inhibitors of calpain will inhibit reovirus apoptosis in vitro
(DeBiasi et al. J Virol 73:695-701, 1999). We have extended these studies by testing calpain
inhibitors for their capacity to inhibit reovirus-induced apoptosis in a murine model (DeBiasi
et al., J Virol 75:351-61, 2001). We have shown that myocarditis induced in mice following
intramuscular injection of reovirus strain 8B is due to apoptosis. Hearts from reovirus-
infected mice showed morphological changes consistent with apoptosis, TUNEL+ staining of
myocardiocytes, and a laddering pattern of fragmentation of DNA (extracted from whole
hearts) (DeBiasi et al, J Virol 75:351-61, 2001: Fig. 1 & 2). Treatment of mice with CTX295,
a calpain inhibitor, resulted in dramatic reduction in morphological evidence of cardiac
pathology, reduction in serum levels of cardiac-specific enzymes (a marker of the severity of
cardiac injury), and marked inhibition in apoptosis (as demonstrated by reduction in TUNEL
staining) (DeBiasi et al., J Virol 75:351-61, 2001: Fig. 5,6,7). Similar results were also seen
in primary myocardiocyte cultures. These studies clearly indicate that pathways of ‘
apoptosis identified as potentially significant in vitro, are also operative in vivo, and can
be targeted as the basis for antiviral therapy.

Specific Aim 3: Is reovirus apoptosis associated with aberrant regulation of cell cycle
progression and does this dysregulation occur in post-mitotic neurons?

During the current reporting period two papers related to this aim have been
published in the Journal of Virology and a third paper is currently under revision at that
journal.

Reovirus infection is associated with an inhibition of cellular proliferation, and
different strains of virus differ in this capacity (Poggioli et al., J Virol 74:9562-70, 2000, Fig.
1). We have used flow cytometry to analyze DNA content in infected cells permeabilized and
stained with propidium iodine. These studies indicate that reovirus strains that inhibit
cellular proliferation cause a progressive accumulation of cells in the G2M phase of the cell
cycle (Poggioli et al., J Virol 74:9562-70, 2000: Fig. 2). Studies using reassortant viruses
containing different combinations of genes derived from the G2M arrest-inducing T3D and
non-inducing T1L viral strains indicate that the viral SI gene is the primary determinant of
this process (Poggioli et al., 2000, Table 1).

As noted earlier, the S1 gene is bicistronic, encoding two non-homologous viral
proteins (o1, ols) from over-lapping but out-of-sequence open reading frames (ORFs). A
ols null mutant reovirus (T3C84-MA) remains able to induce apoptosis but does not induce
G2M arrest (Poggioli et al. J Virol 74:9562-70, 2000: Fig. 6). C127 cells expressing c1s
under the control of a cadmium inducible promoter, show an increased accumulation of cells
in the G2M phase of the cell cycle following cadmium treatment when compared to either
non-induced cells or to cadmium treated C127 cells containing a control plasmid lacking c1s
(Poggioli et al., J Virol 74:9562-70, 2000: Fig. 7).

We have now made additional progress in identifying the exact cellular pathways by
which reovirus-induced G2M arrest is mediated (Poggioli et al. J Virol 75:7429-34, 2000).
Progression of the cell cycle from G2 into mitosis (M) requires the activity of the G2/M
checkpoint transition kinase, p34°?, Reovirus infection is associated with decrease in the
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activity of this kinase (ibid Figure 2), and its associated inhibitory phosphorylation (ibid
Figure 3). Inhibitory phosphorylation of p34°2 also occurs following induced expression of
cls, and fails to occur in cells infected with a reovirus ¢1s null mutant (T3C84-MA)(ibid
Figure 5). As noted, activity of p34cdc2 is regulated by phosphorylation. Kinases including
chk1 and weel contribute to the inhibitory phosphorylation of p34°®? and this effect is
counterbalanced by removal of inhibitory phosphate groups by phosphatases including
cdc25c¢. Cde25c is itself regulated by inhibitory phosphorylation. Reovirus infection is
associated with enhanced inhibitory phosphorylation of cdc25C (ibid, Figure 6).

A paper describing our analysis of virus-induced alterations in expression of genes
encoding proteins involved in cell cycle regulation is currently under revision at the Journal
of Virology (Poggioli et al., J Virol, under revision, 2001). Reovirus T3 infection results in
differential expression of ten genes encoding G1/S-related proteins, 11 genes encoding G2/M
proteins, and 4 proteins involved in the mitotic spindle checkpoint. The results with T1L
infection, which does not induce cell cycle arrest in infected cells, were dramatically
different , resulting in altered expression of only 4 G1/S genes, 3 G2/M genes, and no mitotic
spindle checkpoint genes. Of particular interest, was the fact that two of the identified genes
were those encoding chk 1 and weel. Reovirus T3 infection, but not infection with T1L,
increased expression of both these genes. As noted earlier these are two of the key kinases
that inhibit the activity of the G2/M transition kinase p34°**.

We have previously shown that the capacity of reoviruses to inhibit cellular
proliferation and to induce apoptosis are closely associated (Tyler et al. J Virol 70:7984-91,
1996). We have now tested the capacity of several inhibitors of reovirus-induced apoptosis to
also inhibit reovirus-induced G2M arrest. Inhibition of calpain activation, blockade of
caspase-3 activation, inhibition of TRAIL binding to DR4/DRS, and inhibition of NF-kB
activation all inhibit reovirus-induced apoptosis, yet none of these interventions prevents
virus-induced G2M arrest in susceptible cells (Poggioli et al., J Virol 74:9562-70, 2000: Fig.
8). These results clearly indicate that reovirus-induced perturbation of cell cycle regulation is
not simply the result of DNA damage occurring during apoptosis.

KEY RESEARCH ACCOMPLISHMENTS
*Human congenital CMV encephalitis is associated with evidence of apoptosis as evidenced
by both positive TUNEL staining and staining for activated caspase 3.

*Reovirus infection is associated with selective activation of mitogen activated protein
kinase (MAPK) cascades including those involving c-Jun amino-terminal kinase (JNK).

*Differences in the capacity of reovirus strains to activate JNK are determined by the S1 and
M?2 genome segments.

*Reovirus infection is associated with phosphorylation and activation of the transcription
factor c-Jun.

*Reovirus-induced apoptosis in a variety of epithelial cell lines involves the TNF receptor
superfamily of cell surface death receptors specifically death receptors 4 & 5 (DR4, DRS)
and their apoptosis-inducing ligand, TRAIL.




*Reovirus infection can induce apoptotic cell death in cancer cell lines derived from human
cervical, breast and lung cancers. This process involves the TRAIL/DR4/DRS system and
can sensitize cells to killing by TRAIL.

*Reovirus can induce caspase 3-dependent apoptosis in both neuroblastomas cell lines and
primary cortical neuronal cultures.

*Reovirus infection is associated with activation of the death receptor-associated initiator
caspase, caspase 8. '

*Reovirus-induced sensitization of cancer cells to TRAIL killing involves synergistic
activation of the death-receptor associated initiator caspase, caspase 8, and can be blocked by
cell permeable peptide inhibitors of caspase 8.

*Reovirus-induced caspase 8 activation is associated with cleavage of the pro-apoptotic Bcl-
2 family protein Bid.

*Reovirus infection results in release of the mitochondrial protein cytochrome c into the
cytosol, and subsequent activation of the mitochondrial-associated initiator caspase, caspase
9.

*Reovirus infection is associated with activation of the effector caspase, caspase 3, and
cleavage of the caspase 3 cellular substrate PARP (poly-ADP ribose polymerase).

*Cell permeable peptide inhibitors of caspases 3, 8, and 9 all inhibit reovirus-induced
apoptosis.

*Reovirus infection is associated with alteration in the expression of a limited subset of
cellular genes. These genes encode proteins involved in signal transduction, transcription,
DNA damage and repair, and apoptosis.

*Reovirus induces apoptosis in the heart following infection of mice with strain 8B. This is
associated with myocardial calpain activation, and can be inhibited by in vivo treatment of
infected mice with calpain inhibitor.

*Reovirus-induced inhibition of cellular proliferation is associated with arrest of cells in the
G2M phase of the cell cycle.

*The reovirus S1 gene is the primary determinant of differences in the capacity of reovirus
strains to induce G2M arrest.

* The reovirus ols protein, which is encoded by the S1 gene, is necessary for reovirus-
induced G2M arrest, and over-expression of this protein in susceptible cells results in
increased accumulation of cells in the G2M phase of the cell cycle.
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*Although the capacity of reovirus strains to induce apoptosis and G2M are closely-
associated, apoptosis can be inhibited without preventing the capacity of reoviruses to induce
G2M arrest, indicating that G2M arrest is not simply the result of apoptosis-associated
cellular DNA damage.

*Reovirus-induced G2M arrest is associated with inhibition of the activity of the G2M
transition kinase p34°%%,

*Reovirus infection is associated with inhibitory phosphorylation of the p34°%® phosphatase,
cdc25C.
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Requires o1s and occurs in the absence of apoptosis. J Virol 74:9562-70, 2000.

DeBiasi R, Edelstein C, Sherry B, Tyler KL. Calpain inhibition protects against virus
induced apoptotic myocardial injury J Virol 75:351-361, 2001.

Poggioli GJ, Dermody TS, Tyler KL. Reovirus-induced 61s-dependent G2/M cell cycle
arrest is associated with inhibition of p34°“2. J Virol 75:7429-34, 2001.

Clarke P, Meintzer SM, Widmann C, Johnson GL, Tyler KL. Reovirus infection activates
JNK and the JNK-dependent transcription factor c-Jun. J. Virol 75:(In press, December,
2001.) : 4

DeMasters BK, DeBiasi R, Tyler KL. Polymerase chain reaction as a diagnostic adjunct in
herpesvirus infections of the nervous system. Brain Pathol 11:452-64, 2001.

Clarke P, Meintzer SM, Spalding AC, Johnson GL, Tyler KL. Caspase-8 dependent
sensitization of cancer cells to TRAIL-induced apoptosis following reovirus infection.
Oncogene (in press, December), 2001.

Tyler KL, Clarke P, DeBisai RL, Kominsky D, Poggioli GJ. Reoviruses and the host cell.
Trends in Microbiology, (in press), 2001.

Poggioli GJ, DeBiasi RL, Bickel R, Jotte R, Spalding A, Johnson GL, Tyler KL. Reovirus-
Induced transcriptional alteration of genes related to cell cycle regulation. J. Virol.
(Under revision, #1317-01), 2001.

Kominsky D, Bickel RJ, Meintzer SM, Clarke P, Tyler KL. Reovirus infection induces both
Death receptor- and mitochondrial-mediated caspase-dependent pathways of cell death. J.
Virol. (Submitted, #987-01), 2001.
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Richardson-Burns S, Tyler KL. Reovirus induces apoptosis in primary neuronal cultures
and neuroblastoma-derived cell lines. J. Neurosci. (Submitted, #]N1660-01).
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*Poggioli GJ, Connolly JL, Dermody TS, Tyler KL. Reovirus-induced sigma 1s-dependent
G2/M cell cycle arrest results from inhibition of p34cdc2. (7™ International Symposium on
Double-stranded RNA viruses, Palm Beach, Aruba, December 2-7, 2000).

*DeBiasi RL, Clarke P, Jotte R, Johnson GL, Tyler KL. Analysis of gene expression
following reovirus T3 Abney infection using high density oligonucleotide microarrays. ("
International Symposium on Double-stranded RNA viruses, Palm Beach, Aruba, December
2-7,2000).

*Richardson-Burns, S, Clarke P, Tyler KL. Reovirus induces apoptosis in neural cell lines
and primary neuronal cultures. (7" International Symposium on Double-stranded RNA
viruses, Palm Beach, Aruba, December 2-7, 2000).

*Hoyt CC, Tyler KL. Use of the yeast-2-hybrid system to investigate interaction of sigma 1
with host cell receptors. (7" International Symposium on Double-stranded RNA viruses,
Palm Beach, Aruba, December 2-7, 2000).

*Clarke P, Meintzer SM, Tyler KL. Reovirus sensitizes cancer cells to TRAIL-induced
apoptosis. (7™ International Symposium on Double-stranded RNA viruses, Palm Beach,
Aruba, December 2-7, 2000).

*Kominsky D, Clarke P, Bickel R, Meintzer S, Tyler KL. Reovirus-induced apoptosis
involves both death-receptor and mitochondrial-mediated pathways of cell death. (7
International Symposium on Double-stranded RNA viruses, Palm Beach, Aruba, December
2-7,2000).

*Kominsky D, Bickel R, Tyler KL. Reovirus infection induces both extrinsic death receptor-
and intrinsic mitochondrial-mediated pathways of apoptosis. (American Society for
Virology, 20" Annual Meeting, Madison, WI, July 21-5, 2001.)

*Clarke P, Meintzer SM, Widmann C, Johnson GL, Tyler KL. Reovirus infection results in
the activation of ¢-Jun N-terminal kinase (JNK) and the JNK-stimulated transcription factor
c-Jun. (American Society for Virology, 20™ Annual Meeting, Madison, WI, July 21-5, 2001.)

*DeBiasi RL, Poggioli GJ, Bickel R, Kominsky D, Jotte RM, Johnson GJ, Tyler KL.
Reovirus infection results in altered transcription of genes related to cell cycle, apoptosis and
DNA repair including BRCA-1, GADDA45 and regulators of Bcl-2. (American Society for
Virology, 20™ Annual Meeting, Madison, W1, July 21-5, 2001.)
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*Richardson-Burns S, Clarke P, Tyler KL. Reovirus infection induces neuronal apoptosis. .
(American Society for Virology, 20™ Annual Meeting, Madison, WI, July 21-5, 2001.)

*DeBiasi RL, Jotte R, Poggioli G, Johnson G, Tyler KL. Analysis of cellular gene
expression following reovirus (T3 Abney) infection using high density oligonucleotide
arrays. (American Academy of Neurology, 53" Annual Meeting, Philadelphia, PA May 6-
11, 2001.

*Tyler KL, Kominsky D, Richardson-Burns S, Clarke P. Mechanisms of virus-induced cell
death. (American Neurological Association, 126™ Annual Meeting, Chicago, IL, September
30-October 3, 2001).

Richardson-Burns S, Tyler KL. Reovirus induces apoptosis in primary neuronal cultures
and neuroblastoma-derived cell lines. (Society for Neuroscience 31% Annual Meeting, San
Diego, CA, Nov. 10-15, 2001)

Presentations (selected, Annual reporting period only)

Mechanisms of virus-induced apoptosis in vitro and in vivo: insights from the reovirus
system. Department of Virology, Institut Pasteur, Paris, France

Mechanisms of reovirus-induced apoptosis in vitro and in vivo
4™ semi-annual FASEB summer conference on Microbial Pathogenesis, Snowmass, CO.

Cellular mechanisms of virus-induced apoptosis: Role of the TRAIL/DR4/DRS5 death
receptor system. 3™ International Symposium on Neurovirology, San Francisco, CA.

7" International Symposium on Double-Stranded RNA Viruses. Reovirus
apoptosis and cell signaling pathways (plenary talk). Palm Beach, Aruba.

Dept. of Neurology, UCSF. Frontiers in Neurology & Neuroscience (Neurology
Grand Rounds). Update on herpes simplex virus infections of the CNS and Mechanisms
of viral pathogenesis and cell death (2 talks)

Western Regional Meeting American Federation for Medical Research,
Western Association of Physicians, Western Society for Clinical Investigation, Carmel, CA.
State of the Art Lecture. Mechanisms of virus-induced apoptosis in vitro and in vivo-lessons

from the reovirus system

Microbiology, Immunology, and Cancer Biology Seminar Series, University of Minnesota:
Mechanisms of virus-induced cell death in vitro and in vivo.

Neurology Grand Rounds. Dartmouth University Medical School, Dartmouth, NH.

Gordon Conference: Animal Cells and Viruses, Mechanisms of virus-induced
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apoptosis in vitro and in vivo-lessons from the reovirus system. Tilton, N.H..
Patents and Licenses
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George Poggioli, Ph.D. degree (Department of Microbiology) (Thesis: Reovirus induced
ols-dependent G2/M cell cycle arrest is associated with inhibition of p34°<2,

CONCLUSIONS

The work performed during the first three years of this grant award have made
reovirus infection one of the best characterized models of virus-induced apoptosis available.
We now know that apoptosis is an essential feature of virus-induced tissue injury in at least
two reovirus models of major human infections- encephalitis and myocarditis. Our studies
indicate that once apoptotic pathways are identified in vitro, that these results can be
translated to in vivo models, and these pathways can suggest novel targets for antiviral
therapy.

Reovirus infection, in a variety of cell lines is associated with the TNF receptor
superfamily of cell surface death receptors, specifically death receptors 4 and 5 (DR4, DR5)
and their apoptosis-inducing ligand, TRAIL. Inhibition of TRAIL binding to its receptors
inhibits reovirus-induced apoptosis. Apoptosis involves both the death-receptor and
mitochondrial-associated apoptotic pathways leading to the activation of both caspase 8 and
caspase 9. Activation of initiator caspases leads to the subsequent activation of caspase 3 and
other effector caspases and the cleavage of cellular substrates of these caspases including
PARP. Inhibition of activation of caspases 3, 8, and 9 all inhibit reovirus-induced apoptosis.

In addition to inducing apoptosis, reovirus infection is associated with perturbation of
host cell cycle regulation. Many viruses perturb cell cycle regulation as a consequence of
their interaction with host cells. Based on results obtained as part of the research supported
by this grant, we now understand the mechanisms by which reoviruses perturb host cell cycle
with a degree of detail that equals or exceeds that available for any other viral system.
Reovirus infection is associated with a G2/M cell cycle arrest. Differences in the capacity of
reovirus strains to induce G2/M arrest are determined by the reovirus S1 genome segment.
The S1-encoded ols protein is the key determinant of reovirus-induced G2/M arrest. Induced
over-expression of this protein causes cells to accumulate in the G2/M phase of the cell
cycle, and a mutant virus lacking this protein fails to induce G2/M arrest in infected cells.
The transition between the G2 and M phases of the cell cycle is controlled by the G2/M
transition checkpoint kinase p34cdc2. Reovirus infection is associated with inhibition of
p34cdc2, resulting from its inhibitory phosphorylation. The phosphorylation of p34cdc2 is
regulated by kinases (chk 1, weel) and by phosphatases (cdc25C). We have shown that
reovirus infection is associated with increased expression of both chkl and weel and with
inhibition of cdc25C.

In addition to its capacity to cause apoptosis in epithelial cells, we have recently
shown that reovirus infection can also cause apoptotic cell death in a variety of cell lines
derived from human cervical, breast, and lung cancers. Apoptosis in these cells also involves




16

the TRAIL/DR4/DRS system, and sensitizes tumor cells to killing by TRAIL. The
mechanism of reovirus-induced sensitization of cancer cells to TRAIL killing involves
synergistic activation of caspase 8 and can be prevented by caspase 8 inhibitors.

Viruses belonging to virtually all viral families have the capacity to kill target cells
by apoptosis. We have now developed one of the most comprehensive systems for
evaluating the mechanisms of virus-induced cell death both in vitro and in vivo. In addition,
the capacity of viruses to perturb cell cycle regulation is a fundamental feature of many
diverse viral infections. We have now provided one of the most detailed characterizations by
which a virus induces one form of cell cycle dysregulation (G2/M arrest).




Apoptosis as Indicated by Caspase 3 Activation
in Virus-Infected CNS Tissue

B ITEII e

Al _ .w.....ifﬁ 0¥ B o i TR
3 Reovirus-Infected Neonatal Un-Infected N
Mouse Cortex Mouse Cortex

SN
p; N
[
A
«
e .
?v

4F
s
» .
“ P
L

Ce
d

il W **f o a".

e WA

CMV-Infected Neonatal
Human Midbrain




JOURNAL OF VIROLOGY, Sept. 2000, p. 8135-8139
0022-538X/00/$04.00+0

Vol. 74, No. 17

Copyright © 2000, American Society for Microbiology. All Rights Reserved.

Reovirus-Induced Apoptosis Is Mediated by TRAIL
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Members of the tumor necrosis factor (INF) receptor superfamily and their activating ligands transmit
apoptotic signals in a variety of systems. We now show that the binding of TNF-related, apoptosis-inducing
ligand (TRAIL) to its cellular receptors DR5 (TRAILR2) and DR4 (TRAILR1) mediates reovirus-induced
apoptosis. Anti-TRAIL antibody and soluble TRAIL receptors block reovirus-induced apoptosis by preventing
TRAIL-receptor binding. In addition, reovirus induces both TRAIL release and an increase in the expression
of DR5 and DR4 in infected cells. Reovirus-induced apoptosis is also blocked following inhibition of the death
receptor-associated, apoptosis-inducing molecules FADD (for FAS-associated death domain) and caspase 8.
We propose that reovirus infection promotes apoptosis via the expression of DRS and the release of TRAIL
from infected cells. Virus-induced regulation of the TRAIL apoptotic pathway defines a novel mechanism for

virus-induced apoptosis.

Studies using mammalian reoviruses have provided funda-
mental insights into the molecular and genetic basis of viral
pathogenesis and virus-induced cell death. Reovirus infection
induces apoptosis in cultured cells in vitro (13, 15, 26) and in
target tissues in vivo, including the central nervous system,
heart, and liver (12, 13). Reovirus induces apoptosis by a p53-
independent mechanism that involves cellular proteases in-
cluding calpains (4), is dependent on reovirus-induced NF-«B
activation (3), and is inhibited by overexpression of Bcl-2 (15).
Strain-specific differences in the capacity of reoviruses to in-
duce apoptosis are determined by the viral S1 gene (26) and
require viral binding to cell surface receptors but not comple-
tion of the full viral replication cycle (15). Reovirus-induced
apoptosis correlates with pathology in vivo and is a critical
mechanism by which disease is triggered in the host (12).
Inhibition of apoptosis in vivo reduces the extent of tissue
injury (R. L. Debiasi et al., Am. Soc. Virol. Sci. Program
Abstr., abstr. W52-1, 1999), emphasizing the importance of
apoptosis in reovirus pathogenesis. We have thus used reovirus
infection to study mechanisms of virus-induced apoptosis.

Cellular death receptors (DRs) transmit apoptosis-inducing
signals initiated by specific death ligands, most of which are
primarily expressed as biologically active type 1I membrane
proteins that are cleaved into soluble forms. Fas ligand (FasL)
activates Fas/CD95/Apol, tumor necrosis factor (TNF) acti-
vates TNFR1 (TNF receptor 1), Apo 3L/TWEAK activates
DR3, and TRAIL (for TNF-related apoptosis-inducing ligand;
also called Apo2L) activates DR4 (TRAILR1) and DRS
(TRAILR2/TRICK2). Ligand-mediated activation triggers a
cascade of events that begins with DR oligomerization and the
close association of their cytoplasmic death domains (DDs).
This is followed by DD-associated interaction with adapter
molecules and cellular proteases critical to DR-induced apo-

* Corresponding author. Mailing address: Department of Neurology
(127), Denver VA Medical Center, 1066 Clermont St., Denver, CO
80220. Phone: (303) 393-2874. Fax: (303) 393-4686. E-mail: Ken.Tyler
@uchsc.edu.

"+ Present address: Institutc de Biologie Cellulaire et de Morpholo-
gic, Lausanne, Switzerland.
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ptosis (reviewed in reference 1). In this paper we describe a
novel mechanism for virus-induced cell death involving the
upregulation of DRS, the release of TRAIL from infected
cells, and subsequent TRAIL-mediated apoptosis.

MATERIALS AND METHODS

Cells, virus, and inhibitors. HEK293 cells (ATCC CRL1573) were grown in
Dulbecco’s modified Eagle’s medium supplemented with 100 U each of penicillin
and streptomycin per ml and containing 10% fetal bovine serum. HeLa cells
(ATCC CCL2) were grown in Eagle’s minimal essential medium supplemented
with 2.4 mM L-glutamine, nonessential amino acids, 60 U each of penicillin and
streptomycin per ml, and containing 10% fetal bovine serum (Gibco BRL,
Gaithersburg, Md.). FADD-DN cells express amino acids 80 to 208 of the
Fas-associated DD (FADD) cDNA (with the addition of an AU1 epitope tag at
the N terminus), from the cytomegalovirus promoter from pcDNA3 (Invitrogen,
Carlsbad, Calif.). Reovirus (type 3 Abney [T3A]) is a laboratory stock which has
been plaque purified and passaged (twice) in 1929 (ATCC CCL1) cells to
generate working stocks (27). Virus growth was determined by plaque assay as
previously described (25).

Western blot analysis and antibodies. Twenty-four hours following infection
with reovirus, cells were pelleted by centrifugation, washed twice with ice-cold
phosphate-buffered saline, and lysed by sonication in 200 pl of a buffer contain-
ing 15 mM Tris (pH 7.5), 2 mM EDTA, 10 mM EGTA, 20% glycerol, 0.1%
NP-40, 50 mM B-mercaptoethanol, 100 p.g of leupeptin and 2 pg of aprotinin per
ml, 40 uM Z-D-DCB, and 1 mM phenylmethylsulfonyl fluoride. The lysates were
then cleared by centrifugation at 16,000 X g for 5 min, normalized for protein
amount, mixed 1:1 with sodium dodecyl sulfate (SDS) sample buffer (100 mM
Tris [pH 6.8], 2% SDS, 300 mM B-mercaptoethanol, 30% glycerol, 5% pyronine
Y), boited for 5 min, and stored at —70°C. Proteins were electrophoresed by
SDS-10% polyacrylamide gels and probed with polyclonal antibodies directed
against DR4 (366891N [PharMingen, San Diego, Calif.] and sc-6823 [Santa Cruz
Biotechnology, Santa Cruz, Calif.]), DR5 (210-730-C100 {Alexis Corporation,
Pittsburgh, Pa.] and sc-7191 [Santa Cruz Biotechnology]), DCR-2 (33060-100;
Biovision, Palo Alto, Calif.), Fas (sc-714-G; Santa Cruz Biotechnology), and
actin (CP01; Oncogene, Cambridge, Mass.). Additional antibodies directed
against FasL (sc-834-G; Santa Cruz Biotechnology) and TRAIL (3210-732-R100
[Alexis Corporation] and antibody from Affinity Bioreagents, Golden, Color.)
were used for antibody blocking experiments. Autoradiographs were quantitated
by densitometric analysis using ImageQuant (Amersham Pharmacia Biotech,
Inc., Piscataway, N.J.).

Apoptosis assays and reagents. Forty-eight hours after infection with reovirus,
cells were harvested and stained with acridine orange, for determination of
nuclear morphology, and ethidium bromide, to distinguish cell viability, at a final
concentration of 1 ug/ml each (5). Following staining, cells were examined by
epifluorescence microscopy (Nikon Labophot-2; B-2A filter; excitation, 450 to
490 nm; barrier, 520 nm; dichroic mirror, 505 nm). The percentage of cells
containing condensed nuclei and/or marginated chromatin in a population of 100
cells was recorded. The specificity of this assay has been previously established in
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FIG. 1. TRAIL mediates reovirus-induced apoptosis. Anti-TRAIL antibod-
ics and soluble TRAIL receptors (Fe:DR4 and Fe:DRS5) specifically inhibit
reovirus-induced apoptosis. HEK293 and 1929 cells were pretreated for 1 h with
two different anti-TRAIL (TRAILa and TRAILb) antibodics (A) or increasing
concentrations of soluble TRAIL receptors (B) before being infected with reo-
virus (MOIs of 10 and 50, respectively, for antibody and receptor experiments).
After infection cells were incubated in media containing antibody or receptor for
48 h before cells were harvested and the pereentage of apoptotic cells was
determined. The graphs show percent apoptosis compared to untreated cells in
reovirus-infected minus mock-infected cells (A) and the actual percent apoptosis
in rcovirus-infected minus mock-infected cells (B). Error bars represent standard
crror of the mean. Antibodics directed against TNF and FasL were used as
controls in the antibody blocking cxperiments. Soluble TNFR (Fc:TNFR) was
uscd as a control in the receptor experiments.

reovirus-infected cells using DNA laddering techniques and electron microscopy
(26). Soluble TRAIL was obtained from Upstate Biotechnology, Lake Placid,
N.Y. Soluble DRs Fc:DR4, Fe:DRS, and Fe:TNFR werce obtained from Alexis
Corporation. Z-JETD-FMK (granzyme B inhibitor III), a specific inhibitor of
caspasc 8 activity, was obtained from Clontech, Palo Alto, Calif.

RESULTS

Reovirus-induced apoptosis is mediated by TRAIL. We in-
vestigated the role of ligand-mediated apoptosis in reovirus-
induccd cell death using two separate polyclonal antibodics
directed against TRAIL and antibodies dirccted against FasL
and TNF to block ligand binding during reovirus infection.
HEK293 cclls were pretreated with antiligand antibodies (30
pg/ml) for 1 h before viral infection (multiplicity of infection
[MOI] of 10) and were maintained in antibody-containing me-
dia following infcction with reovirus. Antibody was not present
during viral infection. The pcrcentage of apoptotic cells was
determined at 48 h postinfection. Anti-TRAIL antibodies, but
not antibodics dirccted against FasL (TRAIL versus FasL, P =
0.008) or TNF (TRAIL versus TNF, P = 0.003) significantly
inhibit rcovirus-induced apoptosis (Fig. 1A). Thus, anti-TRAIL
antibodics specifically inhibit reovirus-induced apoptosis. Anti-
TRAIL antibody also inhibits reovirus-induced apoptosis in
1929 cclls (Fig. 1A), indicating that TRAIL-mediated apopto-
sis is likely to be a general feature of reovirus-induced apopto-

J. VIROL.

sis. Both anti-TRAIL antibodies bound soluble ligand in West-
ern blot analysis (results not shown).

TRAIL binding was further shown to be essential for reovi-
rus-induced apoptosis using the soluble TRAIL receptors Fc:
DR4 and Fc:DRS (Fig. 1B). These molecules contain the ex-
tracellular domain of DR4 or DR5 fused to the Fc portion of
human immunoglobulin G and inhibit TRAIL-induced apo-
ptosis by preventing TRAIL binding to DR4 and DRS5 present
on the cell surface (7). Cells were pretreated with soluble
receptor for 1 h before virus infection (MOI of 50) and were
maintained in receptor-containing media following infection.
Soluble receptor was not present during viral infection. Treat-
ment of cells with Fc:DR4 or Fe:DRS5 (not shown) produces a
dose-dependent inhibitory effect on reovirus-induced apopto-
sis (Fig. 1B). Thus, Fc:DR4 and Fc:DRS5 appear to be similar
in potency for TRAIL binding. Fc:DR4 (100 ng/ml) and Fc:
DRS5 (100 ng/ml) reduced reovirus-induced apoptosis by 65%
(from 54% to 19%, P = 0.048) and by 70% (from 54% to
16%), respectively. Soluble TNFR (Fc:TNFR; 100 ng/ml) does
not significantly inhibit reovirus-induced apoptosis, indicating
that the inhibition is specific for the TRAIL-associated recep-
tors DR4 and DRS. In 1.929 cells, Fc:DR4, but not Fc:TNFR,
also significantly inhibited reovirus-induced apoptosis by 57%
(from 81% to 35% [Fig. 1B]), again indicating that TRAIL-
mediated apoptosis is likely to be a general feature of reovirus-
induced apoptosis. To confirm that antibody or soluble recep-
tor-mediated inhibition of apoptosis was not due to any effect
of these reagents on viral replication, we measured viral yicld
in anti-TRAIL and soluble receptor-treated cells and found no
significant difference compared with untreated cells (results
not shown).

TRAIL is released from cells following infection with reovi-
rus. Having shown that TRAIL is required for reovirus-in-
duced apoptosis, we next wanted to determine whether cleaved,
soluble TRAIL is released from in reovirus-infected cells.

Following infection of HEK293 cells with reovirus (MOI of
100), the supernatant was collected and transferred onto HeLa
cells, which are sensitive to TRAIL-induced apoptosis (Fig. 2).
Supernatants collected from virus-infected HEK293 cells 24,
36, and 48 h postinfection induce apoptosis (18, 30, and 68%,
respectively) when transferred onto HeLa cells. Apoptotic

HeLa (supernatant transfer)  HEK293 (infection)

100
|22]
—
175)
Q
=
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- - - anti-reco  FcDRS - anti-reo
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FIG. 2. TRAIL is released from reovirus-infected cells. HEK293 cells were
either mock infected or infected with reovirus (MOI of 100). At various times
postinfection (PI), supernatant from infected HEK293 cclls was transferred onto
TRAIL-sensitive HeLa cells. Apoptosis was assayed in HeLa cclls 24 h following
supernatant transfer. The graph shows the percent increase of apoptotic nuclei in
HelLa cells following treatment with supernatants taken from reovirus-infected,
compared to mock-infected, HEK293 cells. Error bars represent standard errors
of the mean. Soluble DR5 (Fc:DRS) and an antireovirus (anti-reo) antibody
were used as TRAIL specificity controls. The shaded bars demonstrate that
reovirus-induced (MOI of 100) apoptosis is blocked by the antireovirus antibody
in HEK293 cells.
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FIG. 3. DRS is up-regulated during reovirus-induced apoptosis. Cell lysates
were prepared and examined by Western blotting using antibodies directed
against DRS and actin (A). Following autoradiography, densitometric analysis
was performed (B). The graph shows the increasc in signal observed in reovirus-
infectcd compared to mock-infected cells for DR5 (black columns) and DR4
(shaded columns). M, mock infection; PI, postinfection.

HeLa nuclei were assayed 24 h following treatment with su-
pernatant from reovirus-infected HEK293 cells. Supernatant-
induced apoptosis of HeLa cells is inhibited 64% (from 68% to
31%, P = 0.001) by soluble DR5 (Fc:DRS; 100 ng/ml [Fig. 2])
and by soluble DR4 (Fc:DR4; 100 ng/ml [results not shown]),
indicating that the apoptosis seen in the HeLa cells following
supernatant transfer is TRAIL specific. TRAIL is thus re-
leased from reovirus-infected cells and induces apoptosis in
HeLa cells. The apoptotic effects of infected cell supernatants
are not due to the presence of infectious virus in the trans-
ferred supernatant since addition of a neutralizing polyclonal
antireovirus antiserum that blocks apoptosis induced by infec-
tious virus (26) does not block apoptosis induced in HeLa cells
by supernatant transfer (Fig. 2). This antibody inhibits reovirus
(MOI of 100)-induced apoptosis in HEK293 cells (Fig. 2).

REOVIRUS-INDUCED APOPTOSIS IS MEDIATED BY TRAIL 8137

Expression of DRS is up-regulated following infection with
reovirus. Reovirus-induced apoptosis thus requires TRAIL
binding, and TRAIL is released from reovirus-infected cells.
We next investigated the expression of TRAIL receptors in
reovirus-infected cells. HEK293 cells were infected with reo-
virus (MOI of 100), harvested at various times postinfection,
and examined by Western blot analysis. DRS is detected in
lysates extracted from reovirus-infected but not mock-infected
HEK293 cells. DRS expression is first detected at 4 h postin-
fection. Expression peaks at 24 h postinfection and then de-
clines (Fig. 3). The expression of DR4 also increases in reovi-
rus-infected cells, but with much less magnitude and only at
late times after infection (Fig. 3B). DRS thus appears to be the
TRAIL receptor that is predominantly up-regulated following
reovirus infection.

Decoy receptor 1 (DcR-1; also called TRAILR3/TRID/LIT)
and DcR-2 (TRAILR4) compete with DR4 and DRS for
TRAIL binding. These decoy receptors do not contain active
intracellular DDs do not transduse apoptotic signals, and have
antiapoptotic effects (6, 17). Neither DcR-1 nor DcR-2 expres-
sion is significantly altered in reovirus-infected cells (results
not shown).

Reovirus infection sensitizes cells to TRAIL-induced apo-
ptosis. TRAIL-induced apoptosis is enhanced in cells demon-
strating an increase in the surface expression of DR4 and DRS
(7). Having shown that reovirus infection results in increased
expression of DRS and to a lesser extent DR4, we next wished
to determine whether these increases occur at the cell surface
by demonstrating that reovirus sensitizes cells to TRAIL-in-
duced apoptosis. Cells were infected with reovirus (MOI of
10), treated with TRAIL (200 ng/ml) at various times postin-
fection and assayed for apoptosis 24 h later. Mock-infected
HEK?293 cells do not undergo apoptosis when treated with
TRAIL. However, following infection with reovirus, HEK293
cells become sensitive to TRAIL-induced apoptosis (Fig. 4),
and the percentage of apoptotic nuclei in TRAIL-treated, re-
ovirus-infected cells is greater than that in cells treated with
reovirus alone (Fig. 4). At 12, 24, 30, and 48 h after infection
with reovirus, TRAIL-treated cells demonstrated 2.4-, 3.7,
3.3-, and 1.8-fold increases in apoptosis, respectively, com-
pared to TRAIL-treated mock-infected cells. Since TRAIL~
induced apoptosis is apparent 12 h following infection with
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FIG. 4. Reovirus infection scnsitizes cells to TRAIL-induced apoptosis. The effectiveness of TRAIL (200 ng/ml)-induced apoptosis was assayed in mock (—)- or
reovirus (+; MOI of 10)-infected cells. Cells were treated with TRAIL (black bars) or left untreated (shaded bars). At various times postinfection (P.L), cells were
assayed for the presence of apoptotic nuclei. The graph shows the mean percentage of apoptotic nuclei. Error bars represent standard errors of the mean.
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FIG. 5. Reovirus-induced apoptosis involves FADD and caspase 8 activity.
HEK293 cells expressing FADD-DN or HEK293 cells trcated with a specific
inhibitor of caspasc 8 (IETD) werc infected with reovirus (MOI of 50). Apo-
ptosis was assayed 48 h postinfection. The graph shows the mean percentage of
apoptotic nuclei. Error bars represent standard errors of the mean.

reovirus and since the up-regulation of DR4 is not seen until
24 h postinfection, this again suggests that it is the increased
expression of DRS rather than DR4 that is the primary TRAIL
receptor involved in reovirus-induced apoptosis.

FADD and caspase 8 are involved in reovirus-induced apo-
ptosis. DRs mediate apoptosis through receptor-associated
DD containing adapter proteins, exemplified by FADD (also
called Mort 1). These adapter molecules contain their own
DDs that bind to the clustered receptor DDs, resulting from
receptor-ligand binding (reviewed in reference 1). Studies with
dominant ncgative (DN) mutants of FADD (28) and cells
derived from FADD gene knockout mice (31) indicate that
FADD is necessary for apoptosis mediated by Fas, TNFRI,
and DR3 (1, 9, 28). Apoptotic signals induced by DR4 and
DRS5 also appear to be mediated either by FADD or a FADD-
like adapter molecule (1, 29). We constructed a HEK293 cell
line expressing DN FADD (FADD-DN) in order to inhibit
FADD and therefore DR-mediated apoptosis. Reovirus-in-
duced apoptosis in HEK293 cells (and in HEK293 cells ex-
pressing vector alone [not shown]) is reduced by 85% (from
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80.3% to 12%, P = 0.0012) in reovirus-infected HEK293 cells
expressing FADD-DN (Fig. 5). These results confirm our find-
ings that reovirus-induced apoptosis involves cellular DRs.
DR-induced, FADD-mediated apoptosis requires the activ-
ity of caspase 8. Activation of caspase 8 requires association of
its death effector domains with those of FADD. Activated
caspase 8 then activates the downstream effector caspases,
including caspase 3 (reviewed in references 16 and 23). To
further support the role of the TRAIL/DR pathway in reovi-
rus-induced apoptosis, we demonstrate that IETD-fmk (50
M), a specific inhibitor of caspase 8, reduces reovirus-induced
apoptosis by 48% (from 80.3% to 42%, P = 0.372), indicating
that caspase 8 is involved in reovirus-induced apoptosis (Fig. 5).

DISCUSSION

We have shown that reovirus-induced apoptosis requires
TRAIL binding to its apoptosis-inducing receptors DRS5
and/or DR4. However, exogenous TRAIL (200 ng/ml) does
not induce apoptosis in uninfected HEK293 cells since these
cells do not express sufficient cell surface DR4 or DRS. To
induce apoptosis, reovirus must therefore up-regulate both
TRAIL and a death-associated TRAIL receptor. We therefore
determined that there is both an increase in the release of
TRAIL and an increase in the expression of DRS, and to a
lesser extent DR4, in reovirus-infected cells. It seems unlikely
that the up-regulation of both DR4 and DRS is required for
TRAIL-mediated expression in reovirus-infected cells. The
quicker and more dramatic increase in DR5 expression com-
pared to DR4 expression suggests that DRS5 is the major re-
ceptor involved in triggering apoptosis. Furthermore, the in-
creased sensitivity of reovirus-infected HEK293 cells to
TRAIL-induced apoptosis is detectable 12 h following infec-
tion, whereas the alteration in expression of DR4 does not
occur until 24 h postinfection. These results suggest that the
contribution of DR4 to reovirus-induced apoptosis may be a
secondary event and that its up-regulation in reovirus-infected
cells may function to amplify the effects of TRAIL/DRS reg-
ulation.

TRAIL/DRS
BINDING

FADD
ASSOCIATION

, CASPASE 8
’ ACTIVATION

APnrlmsIS

FIG. 6. Reovirus induces the TRAIL apoptotic pathway in infected cells by inducing the release of TRAIL and the up-regulation of DRS. The consequent binding
of TRAIL to DRS5 then promotes FADD association and the activation of caspase 8.
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We propose a model in which reovirus infection results in
the up-regulation of DRS and the release of TRAIL, thereby
activating the TRAIL pathway of cell death (Fig. 6). Similar to
other DR-mediated apoptotic pathways, reovirus-induced ap-
optosis requires the participation of an adapter molecule
(FADD) and the activation of the caspase cascade since it is
reduced in the presence of inhibitors of FADD or caspase 8
activity. We have recently shown that reovirus-induced apo-
ptosis requires the transcription factor NF-kB (3). Future stud-
ies will be directed at examining the role of NF-«B in the
up-regulation of TRAIL and DRS in reovirus-infected cells.

Our results demonstrate the involvement of the TRAIL apo-
ptotic pathway in reovirus-induced cell death and provide the
first direct evidence for the involvement of this pathway in
virus-induced apoptosis. Additional support for the potential
role of DR4 and DRS in virus-induced apoptosis comes from
studies suggesting that human immunodeficiency virus (HIV)
infection increases the expression of TRAIL and sensitizes T
cells to TRAIL-mediated apoptosis (10). Previous studies have
suggested that other members of the TNFR DR superfamily
may also be involved in apoptosis induced in cells infected with
a variety of viruses. Alteration of the cell surface expression of
Fas may be involved in virus-induced, or viral regulation of,
apoptosis in cells infected with influenza virus (21, 22), herpes
simplex virus type 2 (19), bovine herpesvirus 4 (30), adenovirus
(24), and HIV type 1 (2, 11). Similarly, apoptosis induced by
hepatitis B virus (20), HIV type 1 (8), bovine herpesvirus 4
(30), and parvovirus H-1 (14) may involve the TNFR signaling
pathway. TRAIL and TRAIL receptor expression have been
shown to mediate gamma interferon-induced antiviral activity
(18), although the mechanism by which this occurs is unknown.

We propose that the regulation of TRAIL and its death-
promoting receptors is a primary mediator of apoptosis that is
induced not only following viral infection but also as a com-
ponent of apoptosis-inducing stress responses, including che-
motherapy (7).
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Reovirus-Induced G,/M Cell Cycle Arrest Requires als
and Occurs in the Absence of Apoptosis
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Serotype-specific differences in the capacity of reovirus strains to inhibit proliferation of murine 1929 cells
correlate with the capacity to induce apoptosis. The prototype serotype 3 reovirus strains Abney (T3A) and
Dearing (T3D) inhibit cellular proliferation and induce apoptosis to a greater extent than the prototype
serotype 1 reovirus strain Lang (T1L). We now show that reovirus-induced inhibition of cellular proliferation
results from a G,/M cell cycle arrest. Using TIL X T3D reassortant viruses, we found that strain-specific
differences in the capacity to induce G,/M arrest, like the differences in the capacity to induce apoptosis, are
determined by the viral S1 gene. The S1 gene is bicistronic, encoding the viral attachment protein o1 and the
nonstructural protein o1s. A ol1s-deficient reovirus strain, T3C84-MA, fails to induce G,/M arrest, yet retains
the capacity to induce apoptosis, indicating that o1s is required for reovirus-induced G,/M arrest. Expression
of o'ls in C127 cells increases the percentage of cells in the G,/M phase of the cell cycle, supporting a role for
this protein in reovirus-induced G,/M arrest. Inhibition of reovirus-induced apoptosis failed to prevent
virus-induced G,/M arrest, indicating that G,/M arrest is not the result of apoptosis related DNA damage and

Vol. 74, No. 20

suggests that these two processes occur through distinct pathways.

Reovirus infection of cultured cells results in inhibition of
ccllular proliferation (10, 17-19, 21, 24-27, 38, 40, 41, 44).
Serotype 3 prototypc strains type 3 Abncy (T3A) and type 3
Dearing (T3D) inhibit cellular DNA synthesis to a greater
extent than the serotype 1 prototype strain type 1 Lang (T1L)
(40, 44). Studies using TIL X T3A and T1L X T3D reassortant
viruses indicate that the S1 gene is the primary determinant of
DNA synthesis inhibition (40, 44). Earlier studies suggested
that reovirus-induced inhibition of cellular proliferation results
from inhibition of the initiation of DNA synthesis, consistent
with a G,-S transition block (10, 19, 26, 27, 38).

Reovirus infection also results in apoptosis (11, 36, 37, 44,
45). Reovirus strains T3A and T3D induce apoptosis to sub-
stantially greater extent than T1L (44, 45). A significant cor-
relation exists between the capacities of both TIL X T3A (r =
0.937) and T1L X T3D (r = 0.772) reassortant viruses and
reovirus field isolate strains (r = 0.851) to inhibit cellular
proliferation and induce apoptosis (44). Like strain-specific
differences in DNA synthesis inhibition, strain-specific differ-
ences in apoptosis induction also segregate with the S1 gene
(36, 44, 45).

The viral S1 gene segment is bicistronic, encoding the viral
attachment protein, o1, and a non-virion-associated protein
with no known function, ¢1s, from overlapping reading frames
(20, 30, 39). Using a ols-deficient virus strain, it was shown
that ols is not required for reovirus growth in cell culture and
is dispensable for the induction of apoptosis (37). These ob-
servations in conjunction with the genetic mapping studies
suggest that o1 is the primary determinant of strain-specific
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differences in apoptosis induction. The S1 gene product asso-
ciated with reovirus-induced inhibition of cellular DNA syn-
thesis has not been identified.

We conducted experiments to further investigate the rela-
tionship between reovirus-induced cellular DNA synthesis in-
hibition and apoptosis. We found that inhibition of cellular
proliferation in response to reovirus infection is caused by an
arrest in the G,/M phase of the cell cycle. Reovirus strains
differ in the capacity to induce G,/M arrest, and we used
reassortant viruses to demonstrate that these differences seg-
regate with the S1 gene. A reovirus ols mutant fails to induce
G,/M arrest but retains the capacity to induce apoptosis. In-
ducible expression of o1s results in the accumulation of cells in
G,/M phase. Inhibition of reovirus-induced apoptosis does not
affect reovirus-induced G,/M arrest. These results indicate that
the o1s protein is required for reovirus-induced G,/M arrest
and suggest that reovirus-induced inhibition of cellular prolif-
eration and induction of apoptosis involve independent path-
ways.

MATERIALS AND METHODS

Cells and viruses. Spinner-adapted mouse L929 cells (ATCC CCL1) were’
grown in Joklik’s modified Eagle’s minimal essential medium (JMEM) supple-
mented to contain 5% heat-inactivated fetal bovine serum (Gibco BRL, Gaith-
ersburg, Md.) and 2 mM tL-glutamine (Gibco). Human embryonic kidncy
(HEK?293) cells (ATCC CRL1573), Madin-Darby caninc kidncy (MDCK) cells
(ATCC CCL34), C127 cells (ATCC CRL1616), and HeLa cells (ATCC CCL2)
were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented to
contain 10% heat-inactivated fetal bovine serum (HEK293, MDCK, and C127)
or 10% non-heat-inactivated fetal bovine serum (HeLa), 2 mM L-glutamine, and
100 U of penicillin and 100 ug of streptomycin per ml (Gibco). IkB-AN2 cells are
HEK?293 cells expressing a strong dominant-ncgative IkB mutant lacking the
phosphorylation sites that regulatc signal-dependent activation of NF-kB (7).

Reovirus strains T1L, T3A, and T3D are laboratory stocks. TIL X T3D
reassortant viruses were grown from stocks originally isolated by Kevin Coombs,
Bernard Ficlds, and Max Nibert (4, 9). The reovirus field-isolate strain type 3
clone 84 (T3C84) was isolated from a human host, and T3C84-MA was isolated
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FIG. 1. Reovirus inhibits ccllular proliferation. Asynchronous, subconfluent monolayers of 1929 cells were either mock infected (circles) or infected with T1L
(triangles) or T3A (squares) at an MOI of 100 PFU per cell. Cells were harvested at the indicated times postinfection and counted. Cells that excluded trypan blue
were scored as viable. Results are presented as the number of viable cells X 10% per ml. The results from a representative experiment of three independent experiments

arc shown.

as previously described (6, 12). Viral strains were plaque purificd and passaged
two 1o three times in 1929 cells to generate working stocks as previously de-
scribed (43).

Isolation and characterization of T3C84-MA/ols+. T3C84-MA/ols+ was
isolated following serial passage of T3C84 in MEL cells as previously described
(6). To isolatc a sialic acid binding MEL cell-adapted variant derived from
T3C84 that retains the capacity o express als, virus isolates from a fifth-passage
murine crythroleukemia (MEL) cell lysate stock were plaque purified twice on
1929 ccll monolayers. Plaques were amplified twice in L929 cell cultures and
used to infect L929 cells (107) at a multiplicity of infection (MOI) of 10 PFU per
cell. Cytoplasmic extracts were prepared 24 h following infection as previously
described (8). Protcin (100 pg) was clectrophoresed in a 14% sodium dodecyl
sulfate-polyacrylamide gel and transferred to a nitrocellulose membrane. An
immunoblot for o1s was performed as previously described (37). The ST gene of
a fifth-passage isolate that expresses ols, termed T3C84-MA/ols+, was sc-
quenced as previously described (6). T3C84-MA/o1s+ contains the mutation at
nucleotide 616 that results in a tryptophan-to-arginine substitution at residue 202
of the o1 protein, which is also present in the S1 gene of T3C84-MA and confers
the capacity to bind sialic acid but does not contain the mutation that results in
the introduction of a stop codon following amino acid six in the als protein.

Cellular proliferation. 1929 cells were seeded in six-well plates (Costar, Cam-
bridge, Mass.) at 10° cells per well in a volume of 2.5 ml in JMEM supplemented
to contain noncssential amino acids, 5% fetal bovine serum, 2 mM L-glutamine,
100 U of penicillin per ml, and 100 pg of streptomycin per ml. After 24 h of
incubation, when cells were 10 to 20% confluent, the medium was removed, and
cells were infected with viral strains at an MOI of 100 PFU per cell in a volume
of 100 wl at 37°C for 1 h. After viral infection, 2.5 ml of fresh medium was added
to cach well. At various times postinfection, cells were harvested. resuspended in
2 ml of phosphate-buffered saline (PBS), and counted using a hemacytometer.
Cell viability was determined by trypan bluc exclusion. Results are presented as
the viablc ccll numbers per milliliter.

Flow cytometry. 1929, HEK293, MDCK, and HeLa cclls were sceded in either
12-well plates (Costar) at 10° cells per well in a volume of 1 ml per well or 24-well
plates (Costar) at 3.7 X 10? cells per well in a volume of 0.5 ml per well and then
infected with reovirus as described above. Cells were harvested, washed once
with PBS, and staincd at 4°C overnight with Krishan’s stain containing 3.8 mM
trisodium citrate (Sigma Chemical Co., St. Louis, Mo.), 70 pM propidium iodide
(Sigma), 0.01% Nonidet P-40 (Sigma), and 0.01 mg of RNasc A (Bochringer
Mannhcim Co., Indianapolis, Ind.) per ml (33). Cell cycle analysis was performed
using a Coulter Epics XL flow cytometer (Beckman-Coulter, Hialeah, Fla.).
Alignment of the instrument was verificd daily using DNA check beads
(Coulter). Peak versus integral gating was uscd to exclude doublet events from
the analysis. Data were collected for 10,000 cvents. The Modfit LT program
(Verity Software House, Topsham, Maine) was used for ccll cycle modeling.

Cell synchronization. 1929 cclls were seeded in 24-well plates at 3.7 X 10% cells
per well in a volume of 0.5 ml per well. After 24 h, cells were treated with 1 pM
amethopterin (methotrexate) (Sigma) and 50 uM adenosine (Sigma) for 16 h.
Cells were washed twice with PBS, infected with reovirus, and incubated with
fresh JIMEM supplemented to contain 5% heat-inactivated fetal bovine serum. 2
mM L-glutamine, and 2 mg of thymidine (Sigma) per ml. At various times after

infection, cclls were harvested, washed once with PBS, and stained at 4°C over-
night with Krishan’s stain as described above.

Quantitation of apoptosis by acridine orange staining. 1929, HEK293,
MDCK, and HeLa cells were seeded and infected with reovirus as described
above. The percentage of apoptotic cells was determined at 48 h postinfection as
previously described (16, 45). Cells were harvested, washed once with PBS,
resuspended in 25 pl of cell culture medium, and stained with 1 pl of a dye
solution containing 100 pg of acridine orange (Sigma) per ml and 100 pg of
ethidium bromide (Sigma) per ml. Cells were examined by epifluorescence mi-
croscopy (Nikon Labophot-2; B-2A filter; excitation, 450 to 490 nm; barrier, 520
nm; dichroic mirror, 505 nm) and scorcd as apoptotic if their nuclej contained
uniformly stained condensed or fragmented chromatin (16, 45).

Apoptosis inhibitors. L929 cells were sceded in 24-well plates at 3.7 X 10% cells
per well in a volume of 0.5 ml per well. After 24 h of incubation, cells were
incubated with the calpain inhibitor PD150606 (Parke-Davis Pharmaceutical
Research, Ann Arbor, Mich.) (50 .M, L929 ccll), the caspase 3 inhibitor DEVD-
CHO (Clontech, Palo Alto, Calif.) (100 uM, HEK293), or anti-TRAIL antibody
(Affinity Bioreagents, Golden, Colo.) (30 @M, HEK293) for 1 h. Cells were then
infected with T3A at an MOI of 100 PFU per cell at 37°C for 1 h. Following
infection, media containing the apoptosis inhibitor was added. Cells were har-
vested and analyzed for either apoptosis or cell cycle arrest at 48 h postinfection.

Inducible expression of ols. C127 stable transformants expressing T3D ols
(BPX-6) from the mouse metallothioncin promoter and vector control (BPV-12)
were provided by Aaron Shatkin (21). BPX-6 and BPV-12 cells were seeded in
24-well plates at 3.0 X 10* cclls per well in a volumc of 0.5 m! per well. After 24 h
of incubation, cells were incubated with 1 pM CdCl, to inducc ols expression
(22) and harvested at various times postinduction for cell cycle analysis.

RESULTS

Reovirus strains T1L and T3A differ in the capacity to in-
hibit cellular proliferation. We have previously shown that T1
and T3 reovirus strains differ in the capacity to inhibit cellular
DNA synthesis as measured by [*H]thymidine incorporation
(40, 44). To determine whether reovirus-induced DNA synthe-
sis inhibition is associated with inhibition of cellular prolifer-
ation, we infected 1929 cells with either T1L or T3A at an
MOI of 100 PFU per cell. At various intervals after infection,
viable cells were counted (Fig. 1). Infection with T3A resulted
in complete inhibition of cellular proliferation. A modest re-
duction in proliferation was observed for cells infected with
T1L compared to mock-infected controls. Therefore, strain-
specific differences in inhibition of cellular proliferation paral-
lel those previously reported for DNA synthesis inhibition.

T3 reoviruses induce G,/M arrest. To identify the phase in
the cell cycle that T3 reoviruses inhibit cellular proliferation,
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FIG. 2. T3 reovirus induces an increase in the percentage of cells in the G/M phase of the cell cycle. Asynchronous, subconfluent monolayers of 1929 cells were
either mock infected (circles) or infected with T1L (triangles), T3A (squares), or T3D (diamonds) at an MOT of 100 PFU per cell. Cells were harvested at the indicated
times postinfection, stained with Krishan’s stain, and analyzed for DNA content using flow cytometry. Results are presented as the percentage of cells in Go/M phase
(A) or G, phase (B) of the cell cycle. Results of a representative experiment of three independent experiments are shown. (C) L929 cells were synchronized with 1
M methotrexate and 50 uM adenosine for 16 h. Cells were released using fresh media containing 2 mg of thymidine per ml and either mock infected or infected with
T1L or T3A at an MOI of 100 PFU per cell. Cells were harvested at the indicated times postinfection, stained with Krishan’s stain, and analyzed for DNA content using
flow cytometry. Results are presented as the cell cycle distribution following either mock, T1L, or T3A infection at the indicated times postinfection.

we analyzed reovirus-infected cells using flow cytometry. 1.929
cells were infected with T1L, T3A, or T3D at an MOI of 100
PFU per cell and stained with Krishan’s stain (33) containing
propidium iodide to determine cellular DNA content at vari-
ous intervals postinfection. The results were converted to the
percentage of cells in G,/M phase of the cell cycle using Modfit
LT software (Fig. 2). Infection with either T3A or T3D re-
sulted in a substantial increase in the percentage of cells in the
G,/M phase of the cell cycle compared to T1L-infected or
mock-infected cells by 24 h postinfection (Fig. 2A). There also
was a corresponding decrease in the percentage of cells in G,
phase following infection with either T3A or T3D compared to

T1L-infected or mock-infected cells (Fig. 2B). To confirm
these results, L929 cells were synchronized with methotrexate
prior to reovirus infection and assessed for cell cycle progres-
sion (Fig. 2C). Similar to findings with unsynchronized cells,
T3A induced a significant increase in the proportion of cells in
the G,/M phase of the cell cycle compared to T1L or mock
infection. The increase in the proportion of cells in G,/M was
first seen at 12 h postinfection and was maintained throughout
the observation period (48 h). These findings indicate that the
inhibition of proliferation induced by T3 reoviruses is caused
by a block in the G,/M phase of the cell cycle. Following T1L
or mock infection, cells traverse the cell cycle, proliferate, and
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reenter the cell cycle. Conversely, T3-infccted cells enter the
cell cycle, stall in G,/M phase, and do not proliferate.

T3 reovirus-induced G,/M arrest is dose dependent. To in-
vestigate the relationship between MOI and the induction of
G,/M arrest, we infected 1929 cells with T3A at MOIs of 1, 10,
and 100 PFU per ccll. Cells were harvested at 48 h postinfec-
tion, staincd with Krishan’s stain (33), and analyzed for DNA
content by flow cytometry (Fig. 3). T3A infection induced a
greater pereentage of cells in G,/M than mock infection at
cach MOI tested, and the effect was dose dependent.

G,/M arrest occurs in a variety of cell lines following T3
reovirus infection. To determine whether the capacity of reo-
virus to block cell cycle progression is cell typc dependent,
1929, MDCK, C127, HEK293, and HecLa cells were either
mock infected or infected with T1L or T3A at an MOI of 100
PFU per cell. Cells were harvested at 48 h postinfection,
stained with Krishan’s stain (33), and analyzed for DNA con-
tent by flow cytometry (Fig. 4). T3A infection induced a
greater pereentage of cells in Go/M than either T1L or mock
infection in all ccll lines tested. However, the magnitude of the
strain-specific diffcrence was greatest in L1929 (Fig. 4A),
MDCK (Fig. 4B), and C127 (Fig. 4C) cells. Therefore, reovi-
rus-induced G,/M arrest is not cell type specific and likely
requires non-cell-type-specific factors to mediate G,/M arrest.

T3 reovirus G,/M arrest phenotype is dominant. To deter-
minc whether G,/M arrcst resulting from T3 reovirus infection
could be overcome by T1 reovirus infection, we coinfected
1.929 cells with equivalent MOIs of TIL and T3A and mea-
surcd the pereentage of cells in G,/M by flow cytometry at 48 h
postinfcction. The percentage of cells in G,/M after coinfec-
tion with T1L and T3A was identical to that of T3A alonc and
significantly greater than that of T1L alone (Fig. 5). These
results indicate that the G,/M arrest phenotype of T3 reovirus
is dominant.

G,/M arrest by TIL x T3D reassortant viruses. To identify
viral genes associated with differences in the capacity of T1L
and T3D to inducc G,/M arrcst, we tested 12 TIL X T3D

reassortant viruses for the capacity to induce G,/M arrest in
unsynchronized and synchronized 1929 cells (Table 1). The
results demonstrate a significant association between the ca-
pacity of reassortant viruses to induce G,/M arrest in unsyn-
chronized 1929 cells and the S1 gene segment (Student ¢ test,
P = 0.004; Mann-Whitney, P = 0.007). No other viral genes
were significantly associated with G,/M arrest in this analysis (¢
test and Mann-Whitney, all P > 0.05). However, when 1.929
cells were synchronized prior to infection, the results demon-
strate a significant association between the capacity of reassor-
tant viruses to induce G,/M arrest and the derivation of the S1
gene segment (Student # test, P = 0.007; Mann-Whitney, P =
0.016) and the M2 gene segment (Student ¢ test, P = 0.007;
Mann-Whitney, P = 0.016). We used parametric stepwise lin-
ear regression analysis to determine whether the S1 and M2
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FIG. 3. Go/M arrest induced by T3 reovirus is dosc dependent. Asynchro-
nous, subconfluent monolayers of L929 cells were either mock infected or in-
fected with T3A at MOIs of 1, 10, and 100 PFU per cell. Cells were harvested at
48 h postinfection, stained with Krishan’s stain, and analyzed for DNA content
using flow cytometry. Results are presented as the percentage of cells in G/M
phase.
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FIG. 4. T3 reovirus induces G,/M arrest in murine, canine, and human cells.
Asynchronous, subconfluent monolayers of 1929 (A), MDCK (B), C127 (C),
HEK293 (D), and HeLa (E) cells were either mock infected (white) or infected
with TIL (gray) or T3A (black) at an MOI of 100 PFU per cell. Cells were
harvested at 48 h postinfection, stained with Krishan’s stain, and analyzed for
DNA content using flow cytometry. Results are presented as the mean percent-
age of cells in Go/M phase for three independent expcriments. The error bars
indicatc the standard errors of the mean. A significantly greater percentage of
T3A-infected cells were in Go/M than mock-infected cells in all ccll lines tested
(P < 0.01 to 0.001). A significantly greater percentage of T3A-infected cells were
in G,/M than T1L-infected cclls in all cell lincs tested (7 < 0.01 to 0.001) except
HelLa. A significantly greater percentage of T1L-infected cells were in Go/M than
mock-infected cells in L929 and HEK293 cclls (P < 0.001).

genes contributed independently to the capacity of T1L X T3D
reassortant viruses to induce G,/M arrest. We obtained R?
values of 91.3 and 96.7% for the regression equation using all
10 reovirus genes for unsynchronized and synchronized L.929
cells, respectively: 52.2% (P = 0.004) for S1 in unsynchronized
1.929 cclls and 84.9% (P < 0.001) for S1 and M2 and 53.5%

J. VIROL.

(P = 0.007) for the S1 gene alone in synchronized 1929 cells.
These results indicate that the S1 gene segment is the primary
determinant of strain-specific differences in reovirus-induced
G,/M arrest.

G,/M arrest induced by T3 reovirus. The S1 gene segment
encodes two proteins, the viral attachment protein o1 and the
nonstructural protein als (20, 30, 39). To determine whether
ols is required for G,/M arrest, we infected 1929 cells with
reovirus strain T3C84-MA, which does not express ols (37)
(Fig. 6). The percentage of cells in G,/M following infection
with T3C84-MA was significantly less than the percentage of
cells in G,/M following infection with the ols-expressing pa-
rental virus, T3C84. T3C84-MA failed to induce G,/M arrest,
even at an MOI 10-fold greater than T3C84. T3C84-MA/c1s+,
a MEL-cell-adapted strain that does not contain the point
mutation in S1 that results in an early stop codon in ols but
contains the tryptophan-to-arginine substitution at position
202 in o1, induced a level of G,/M arrest that was significantly
greater than T3C84-MA at an MOI of 100 in 1929 cells (P =
0.002; percentage of cells in G,/M following T3C84-MA/c1s+
infection, 23.02 = 1.1%). These findings indicate that func-
tional o1s is required for reovirus-induced G,/M arrest.

Expression of T3 o'1s induces an increase in the percentage
of cells in G,/M phase. To determine whether ols alone is
sufficient to induce the accumulation of cells in G,/M phase,
we analyzed the DNA content of C127 cells engineered to
express the T3D ols protein. Expression of ols from the
mouse metallothionein promoter was induced by 1 uM CdCl,
(21) however, levels of ols were substantially less than levels
found following natural virus infection (data not shown). The
percentage of cells in G/M following induction was signifi-
cantly greater in cells expressing ols than in vector control
cells at 45 and 55 h postinduction (P = 0.03 and P = 0.005,
respectively) (Fig. 7). These results provide additional evi-
dence that ols expression is involved in the accumulation of
cells in the G,/M phase of the cell cycle.

Reovirus-induced apoptosis can be dissociated from reovi-
rus-induced G,/M arrest. Previous studies indicate that the
capacity of reovirus to inhibit DNA synthesis correlates with
the capacity to induce apoptosis (44). Like strain-specific dif-
ferences in reovirus-induced G,/M arrest, differences in the
capacity of reovirus strains to inhibit DNA synthesis and in-
duce apoptosis are determined by the S1 gene (40, 44). To
determine whether apoptosis-associated disruption of cellular
DNA is required for reovirus-induced inhibition of cellular
proliferation, 1929 cells or HEK293 cells were either mock
infected or infected with T3A in the presence or absence of
inhibitors of reovirus-induced apoptosis (7, 8, 11). Treatment
of cells with the calpain inhibitor PD150606 (11), the caspase
inhibitor DEVD-CHO (D. J. Kominsky, personal communica-
tion), or anti-TRAIL antibody (7) blocks reovirus-induced ap-
optosis, as does expression of an IkB mutant that blocks
NF-kB activation (7, 8). G,/M arrest was evaluated by flow
cytometry at 48 h postinfection (Fig. 8). Treatment with the
calpain inhibitor PD150606 (Fig. 8A), the caspase 3 inhibitor
DEVD-CHO (Fig. 8B), or anti-TRAIL antibody (Fig. 8C)
using conditions that inhibit reovirus-induced apoptosis, had
no effect on T3A-induced G,/M arrest, nor did inhibition of
NF-kB by expression of a dominant-negative IkB (7, 8) (Fig.
8D). Therefore, inhibitors of reovirus-induced apoptosis do
not inhibit reovirus-induced G,/M arrest. These findings indi-
cate that apoptosis induced DNA damage is not required for
reovirus-induced G,/M arrest.
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FIG. 5. T3A-induced Go/M arrest phenotype is dominant, 1929 cells were either mock infected (white), coinfected with equivalent MOIs of TIL and T3A (the MOI
of cach virus was 50 PFU per cell) (hatched), or infected with TIL (shaded) or T3A (solid) alone at MOIs of 50 or 100 PFU per cell. 1.929 cells were harvested at 48 h
postinfection and analyzed using flow cytometry. The results arc presented as the percentage of cells in the Go/M phase of the cell cycle.

T3 reovirus strains inhibit host cell proliferation, as mea-
sured by cellular DNA synthesis inhibition, to a substantially
grcater extent than T1 reovirus strains (40, 44). It had been

TABLE 1. Capacitics of TIL X T3D reassortant viruses to induce G,/M arrest

DISCUSSION

suggested, based on extrapolation of results obtained using
[®H]thymidine incorporation, that T3 reoviruses induce cell
cycle arrest at the G,-to-S transition. We now show, using flow
cytometry to directly analyze cell cycle progression in reovirus-
infected cells, that reovirus-induced inhibition of cellular pro-

Genome segment”

% Cells in GyM”

Virus strain
L1 L2 L3 Ml M2 M3 S1 S2 S3 S4 Unsynchronized Synchronized
EB138 3D 1L 1L 3D 3D 1L 3D 3D 1L 1L ND 24.56
EB28 3D 3D 1L 3D 3D 3D 3D 1L 3D 3D 38.13 28.59
KC150 3D 1L 1L 1L 3D iL 3D 3D 1L 3D 33.91 36.47
EB97 3D 3D 1L 3D 3D 3D 3D 3D 3D 1L 30.30 28.35
G2 1L 3D 1L 1L 1L 1L 3D iL 1L 1L 29.09 13.92
H41 3D 3D 1L 1L 1L 3D 1L 1L 3D 1L 26.56 ND
T3D 3D 3D 3D 3D 3D 3D 3D 3D 3D 3D 2571 38,51
HI5 1L 3D 3D 1L 3D 3D 3D 3D 3D 1L 24.95 31.63
EB127 3D 3D 1L 1L 3D 1L 1L 3D 3D 1L 23.54 ND
H9 3D D 1L 3D 1L 1L 3D 3D 3D 3D 23.11 17.17
EBSS 1L 1L 1L 1L 1L 3D 1L 3D 1L 1L 21.88 ND
TIL 1L 1L 1L 1L 1L 1L 1L 1L 1L 1L 19.23 5.56
EB145 3D 3D 3D 3D 3D 1L 1L 3D 3D 3D 15.72 14.72
EBI121 3D 3D 1L 3D 1L 3D 1L 3D 3D 3D 14.98 9.45
EBI 1L 3D 1L 1L 3D 1L 1L 1L 3D 1L 11.89 16.19
Significance (P)°
Unsynchronized L cclls
t test 030 084 0060 085 046 036 0004 078 058 0.66
MW 030 1 077 095 041 038 0007 080 073 085
Synchronized L cells
£ test 025 1 027 073 0.007 0.16 0007 018 067 0.53
MW 028 1 028 076 0.016 02 0016 021 057 048

“ The parental origin of each genome scgment in the reassortants strains: 1L, genome segment derived from T1L; 3D, genome segment derived from T3D.
» Unsynchronized or synchronized L cells were infected with viral strains at an MOI of 100 PFU per cell and analyzed by flow cytometry at 48 h postinfection. ND,

not determined.

¢ As determined by two-sample parametric Student ¢ test (¢ test) and Mann-Whitney nonparametric analysis (MW). Values in boldface are statistically significant.
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FIG. 6. Reovirus-induced G,/M arrest requires ols. 1929 cells were either mock infected (white) or infected with wild-type T3C84 (black) or ols-null mutant
T3C84-MA (gray) at MOlIs of 100, 250, or 1,000 PFU per cell. Cells were harvested 48 h postinfection, stained with Krishan’s stain, and analyzed using flow cytometry.
The results arc presented as the mean percentage of cells in G,/M phase of the cell cycle for six independent experiments at an MOI of 100 and three independent
experiments at MOIs of 250 and 1,000. The error bars indicate the standard errors of the mean. A significantly greater percentage of T3C84-infected cells were in G,/M

than T3C84-MA-infected cells at each MOI tested (P < 0.001).

liferation results from G,/M arrest. This effect is not cell type
specific and is dominant in strains that block cell cycle pro-
gression.

Differences in the capacity of reovirus strains to inhibit cel-
lular proliferation are determined by the viral S1 gene (40, 44).
Our results indicate that the same is true for G,/M arrest. The
reovirus S1 gene is bicistronic, encoding the structural protein
ol and the nonstructural protein o1s using overlapping, alter-
native reading frames (20, 30, 39). As a result of this coding
strategy, there is no sequence similarity between the o1 and
ols proteins (12). To determine which of the two S1-encoded
proteins are required for G,/M arrest, we examined the capac-
ity of the o1s null mutant T3C84-MA to induce G,/M arrest.
T3C84-MA and its ols expressing parent, T3C84, produce
equivalent yields of viral progeny in 1929 cells, and both vi-
ruses are equally effective in inducing apoptosis (37). However,
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FIG. 7. ols expression induces an increase in the percentage of cells in Go/M
phase. C127 cells stably transfected with a'1s (BPX-6) or vector control (BPV-12)
under the control of the mouse metallothionein promoter were induced with
CdCl,, harvested at the indicated times postinduction, and analyzed for DNA
content by flow cytometry. The results are presented as the mean percentage of
cells in the G,/M phase of the cell cycle for three to six independent experiments.
The error bars indicate the standard errors of the mean. The percentage of cells
in Go/M was significantly greater in the ols-expressing cells than in the vector-
control cells at 45 h (P = 0.03, n = 4) and 55 h (P = 0.005, n = 6) postinduction.

T3C84-MA fails to induce G,/M arrest. This finding suggests
that ols is required for blockade of cell cycle progression
following T3 reovirus infection. It is also possible that differ-
ences in the capacity of T3C84 and T3C84-MA to induce cell
cycle arrest are influenced by other sequence differences. The
mutation in the S1 gene that introduces a termination codon in
the o1s open reading frame also results in a lysine-to-isoleu-
cine substitution at residue 26 in the deduced amino acid
sequence of ol. The T3C84-MA S1 gene also contains an
additional mutation that results in a tryptophan-to-arginine
substitution at residue 202 in o1, which determines the capac-
ity of this strain to bind sialic acid. To exclude the possibility
that sialic acid binding influences cell cycle arrest, we isolated
and characterized an additional T3C84-MA variant, T3C84-
MA/c1s+, that binds to sialic acid and expresses o1s. In con-
trast to T3C84-MA, which binds sialic acid but does not ex-
press ols, T3C84-MA/o1s+ induces G,/M arrest. Therefore, it
is unlikely that the capacity to bind sialic acid influences the
efficiency of cell cycle arrest induced by T3 reoviruses.

To corroborate findings made using viruses that vary in ols
expression, we also tested the capacity of cells engineered to
express ols under the control of an inducible promoter to
undergo cell cycle arrest. Following induction of ols expres-
sion, we observed an increase in the percentage of cells in the
G,/M phase of the cell cycle, which suggests that o1s is capable
of mediating cell cycle blockade at the G,/M checkpoint. This
observation suggests that the reovirus o1s protein is similar to
the human immunodeficiency virus (HIV) Vpr protein (2, 28,
31, 35) or the human papillomavirus (HPV) E2 protein (23),
which similarly block cell cycle progression at the G,/M bound-
ary. Thus, our findings indicate that reovirus-induced G,/M
arrest requires ols and provide the first evidence of a func-
tional role for this nonstructural protein.

We have previously shown that the capacity of reovirus to
induce apoptosis correlates with the capacity to inhibit cellular
proliferation and that both properties are determined by the
viral S1 gene (44). Our results clearly show that G,/M arrest
can occur in cells treated with potent inhibitors of reovirus-
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FIG. 8. Inhibitors of reovirus-induced apoptosis do not inhibit reovirus-in-
duced Go/M arrest. (A) Effect of calpain inhibitor PD150606 on T3A-induced
G,/M arrest. L929 cells were treated with either 25 wM calpain inhibitor
PD150606 or an cthanol control and then either mock infected or infected with
T3A at an MOI of 100 PFU per cell. (B) Effcct of caspase 3 inhibitor DEVD-
CHO on T3A-induccd Go/M arrest. HEK293 cells were treated with either 100
pM caspasc 3 inhibitor DEVD-CHO or a dimethyl sulfoxide control and then
cither mock infected or infected with T3A at an MOI of 100 PFU per cell. (C)
Effect of anti-TRAIL antibodies on T3A-induced Go/M arrest. HEK293 cclls
were treated with cither 30 pg of an anti-TRAIL antibody per ml or mock
treated as a control and then either mock infected or infected with T3A at an
MOI of 100 PFU per cell. (D) Effect of NF-kB inhibition on T3A-induced G./M
arrest. HEK293 cells expressing a dominant-negative form of IkB (IkB-AN2) to
inhibit NF-kB activation or untransfected HEK293 cells were eithcr mock in-
fected or infected with T3A at an MOI of 100 PFU per cell. In all cases, G-/M
arrest was assessed 48 h postinfection.

induced apoptosis. These findings indicate that the induction
of G,/M arrcst and apoptosis by reovirus are functionally in-
dependent at some stage following infection. Moreover, al-
though strain-specific differences in reovirus-induced G,/M ar-
rest and apoptosis induction scgregate with the viral S1 gene,
each property is determined by a different SI gene product.
Strain-specific differences in reovirus-induced G,/M arrest arc
determined by ols, whereas differences in reovirus-induced
apoptosis arc determined by ol (36, 45). The induction of
G4/M arrest by HIV Vpr is apparently required for Vpr-in-
duccd apoptosis (42), whereas reovirus-induced apoptosis can
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occur in the absence of G,/M arrest (37). These findings sug-
gest that viruses may utilize different mechanisms to induce
G,/M arrest and apoptosis.

The G,/M transition is regulated by the kinase cdc2/cdkl
(13-15, 32, 34). Expression of HIV Vpr (28, 35) or HPV E2
protein (23) results in inhibition or delayed activation of cdc2
kinase activity resulting in an accumulation of cells in the G,/M
phase of the cell cycle. In contrast, the baculovirus Autographa
californica nuclear polyhydrosis virus (AcNPV) (3) and herpes
simplex virus (HSV) (1, 29) induce G,/M arrest by a mecha-
nism that is cdc2 independent, since cells infected with either
of these viruses maintain high levels of cdc2 kinase activity.
HIV, HPV, AcNPV, and HSV rcquire a nuclear phase to
replicate, whercas reovirus replicates in the cytoplasm. T3 o'ls
has been detected in the nucleus as well as in the cytoplasm
following reovirus infection (5, 37), and it is possible that this
nuclear localization is required for reovirus-induced G,/M ar-
rest. Future studies will be aimed at identifying which cell cycle
regulatory proteins are involved in reovirus-induced cell cycle
perturbation, the role of cellular localization of ols in this
process, and the significance of cell cycle arrest in reovirus-
induced cytopathology and pathogenesis.
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Viral myocarditis is an important cause of human morbidity and mortality for which reliable and effective
therapy is lacking. Using reovirus strain 8B infection of neonatal mice, a well-characterized experimental
model of direct virus-induced myocarditis, we now demonstrate that myocardial injury results from apoptosis.
Proteases play a critical role as effectors of apoptosis. The activity of the cysteine protease calpain increases
in reovirus-infected myocardiocytes and can be inhibited by the dipeptide alpha-ketoamide calpain inhibitor
Z-Leu-aminobutyric acid-CONH(CH,)3-morpholine (CX295). Treatment of reovirus-infected neonatal mice
with CX295 protects them against reovirus myocarditis as documented by (i) a dramatic reduction in his-
topathologic evidence of myocardial injury, (ii) complete inhibition of apoptotic myocardial cell death as
identified by terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling, (iii) a reduction in
serum creatine phosphokinase, and (iv) improved weight gain. These findings are the first evidence for the
importance of a calpain-associated pathway of apoptotic cell death in viral disease. Inhibition of apoptotic
signaling pathways may be an effective strategy for the treatment of viral disease in general and viral

myocarditis in particular.

The mechanisms by which viruses produce cytopathic effects
in their host cells are not well understood. Such knowledge is
essential to an understanding of viral pathogenesis and devel-
opment of novel antiviral therapies. Apoptosis is a mechanism
of active cell death distinct from necrosis, characterized by
DNA fragmentation, cell shrinkage, and membrane blebbing
without rupture (26). Apoptosis plays a critical role in many
physiologic (28, 74), as well as infectious and noninfectious,
pathologic conditions (72). Viruses may either promote or
inhibit apoptosis as a strategy to maximize pathogenicity in
their hosts (40, 54, 67). Several viruses, including adenovirus,
poxviruses, herpesviruses, and human papillomavirus, prolifer-
ate and evade host immune responses by interfering with pro-
grammed cell death (1, 19, 31, 68). Many other viruses, such as
human immunodeficiency virus, human T-cell leukemia virus,
influenza virus, measles virus, rubella virus, poliovirus, human
herpesvirus 6, Sindbis virus, and reoviruses, cause cytopathic
effect by induction of apoptosis in their target cells (11, 14,
21-23, 34, 40, 42, 50, 70).

We have used reovirus-induced apoptosis as an experimen-
tal model system to study the viral and cellular mechanisms
involved in apoptotic cell death (39). Reoviruses are nonen-
veloped viruses that contain a genome of segmented, double-
stranded RNA. Infection of cultured fibroblasts and epithelial
cells with reoviruses induces apoptosis. Reoviral strains differ
in the efficiencies with which they induce this cellular response,
and these differences are determined by the viral S1 gene (44,
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69). Apoptosis also occurs following reovirus infection in vivo
and colocalizes with areas of pathologic injury (38, 39). This
finding suggests that apoptosis is an important mechanism of
tissue damage in reoviral infection.

Reovirus strain 8B is a reassortant reovirus that efficiently
produces myocarditis in infected neonatal mice (55, 58). Dam-
age has been shown to be a direct effect of viral infection of
myocardiocytes (60). This damage differs from that of several
other models of viral myocarditis (such as coxsackievirus and
murine cytomegalovirus) in which secondary inflammatory re-
sponses, or lymphocyte recognition of viral or self-antigens on
myocardial cells, may be the predominant cause of cardiac
damage (12, 17, 20, 30, 46). SCID mice infected with reovirus
8B develop myocarditis, and passive transfer of reovirus-spe-
cific immune cells is protective, rather than harmful, to 8B-
infected mice (58, 60). This finding indicates that immune
mechanisms contribute to amelioration rather than induction
of reovirus-induced viral injury (60). However, the mechanism
by which direct myocardial injury occurs is not well character-
ized. Since tissue damage occurs by apoptosis in other in vivo
models of reoviral infection (38), and apoptosis has been sug-
gested in some models of viral myocarditis (6, 25), we wished
to determine if reoviral myocarditis occurs as a result of apo-
ptotic cell injury and, if so, whether manipulation of known
signaling pathways preceding apoptosis is protective.

Protease cascades appear to play critical roles as effectors of
apoptosis, as with the cysteine proteases caspases and calpain
(10, 32, 41, 62, 79). Caspases are the most extensively investi-
gated members of this class of protease and have been impli-
cated in a wide variety of apoptotic models. However, the role
of calpain in apoptosis has been recognized recently. Calpain is
a calcium-dependent neutral cysteine protease that is ubiqui-
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tous in the cytosols of many cell types (35, 63). Calpains have
recently been implicated in several models of apoptosis, in-
cluding dexamethasone-induced thymocyte apoptosis (65),
neuronal cell apoptosis (36), neutrophil apoptosis (64), isch-
emia-induced rat liver apoptosis (27, 61), myonuclear apopto-
sis in limb-girdle dystrophy (3), and chemical hypoxia-induced
apoptosis of rat myocytes (8). We have recently shown that
reovirus-induced apoptosis in vitro is preceded by increased
cellular calpain activity and is inhibited by two classes of cal-
pain inhibitors (13).

We now show that reovirus 8B-induced myocarditis occurs
by apoptosis. Calpain activity increases in cardiomyocytes fol-
lowing infection with reovirus 8B, and calpain inhibition re-
duces myocardial injury and morbidity in infected mice. This is
evidence that interference with apoptotic signaling pathways
may prove of benefit as a therapeutic strategy in the treatment
of viral infection in general and viral myocarditis in particular.

MATERIALS AND METHODS

Virus. Reovirus 8B is an efficiently myocarditic reovirus that has been previ-
ously characterized (58). 8B stocks were subjected to plaque assay threc times
and passaged twice in mouse L cells prior to use.

Mice. Swiss-Webster (Taconic) mouse litters were housed in individual filter-
topped cages in an American Association for Laboratory Animal Care-accred-
ited animal facility. All animal procedures were performed under protocols
approved by the appropriate institutional committees.

Mouse inoculations. Two-day-old Swiss-Webster (Taconic) mice were intra-
muscularly inoculated with 1,000 PFU of 8B reovirus in the left hind limb (20-nl
volume). Mock-infected mice received gel saline vehicle inoculation (equal vol-
ume) (137 mM NaCl, 0.2 mM CaCl,, 0.8 mM MgCl,, 19 mM H;BO;, 0.1 mM
Na,B,0,, 0.3% gelatin).

Histologic analysis. At 7 days postinfection, mice were sacrificed and hearts
were immediately immersed in 10% buffered formalin solution. After being
mounted as transverse sections, hearts were embedded in paraffin and sectioned
to 6 wm in thickness. For quantification of degree of myocardial injury, hema-
toxylin- and eosin-stained midcardiac sections (at least six per heart) were ex-
amined at a X125 magnification by light microscopy and scored blindly. Scoring
was performed using a previously validated system (58), with scores ranging from
0 to 4 (0, no lesions; 1, one or a few small lesions; 2, many small or a few large
Iesions; 3, multiple small and large lesions; and 4, massive lesions). Twenty-three
to 24 mice were scored from each group.

DNA fragmentation. The presence of internucleosomal DNA cleavage in
myocardial tissue was investigated by phenol-chloroform extraction of DNAs
from 8B-infccted and mock-infected hearts and precipitation in 95% ethyl alco-
hol. Thc DNA was then end labeled with 5 uCi of [*P]dGTP using 10 U of
terminal transferase (M187; Promega Corporation), resolved by electrophoresis
on a 2% agarosc gel, fixed in 5% acetic acid-5% methanol, dried, and scanned
on a Instant Imager (Packard Instrument Company).

TUNEL. Evaluation of fragmented DNA was performed by terminal de-
oxynucleotidyltransferase  (TdT)-mediated dUTP-biotin nick end labeling
(TUNEL), as previously described (38). Paraffin-embedded cardiac midsections
were prepared by removing paraffin with xylene and then rehydrating them in
100, 95, and then 70% ethanol solutions. After digestion in proteinase K solution
(Bochringer Mannheim) for 30 min at 37°C, slides were pretreated in 0.3% H,0,
in phosphate-buffered saline for 15 min at room temperature and then washed.
The TdT labeling reaction was carried out under coverslips in a humidified
chamber for 1 h at 37°C with TdT and digoxigenin 11-dUTP. (Boehringer
Mannhcim). The reaction was stopped with SSC (1x SSC is 0.15 M NaCl plus
0.015 M sodium citrate) buffer. After being blocked in 2% bovine serum albumin
for 10 min, sections were probed with Vectastain ABC (avidin DH and biotin-
ylated enzyme; Vector Laboratories) for 1 h at room temperature, and then
visualized with a diaminobenzadine peroxidase substrate kit (Vector Laborato-
rics). Negative and positive controls were used with all reactions.

Viral-antigen stain. Cardiac midsections were prepared as noted above. Fol-
lowing the hydrogen peroxide incubation, slides were blocked in 2% normal goat
scrum for 30 min at room temperature. Sections were then incubated in rabbit
polyclonal anti-reovirus type 3 Dearing antiserum as the primary antibody (gift
of Terence Dermody, Vanderbilt University) at a dilution of 1:1,000 for 1 h at
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37°C. Biotinylated goat anti-rabbit antibody was used as the secondary antiserum
(1:200 dilution in 2% normal goat serum) for 30 min at 37°C. Sections were
probed and visualized as noted above.

Calpain activity in myocytes. The determination of the presence of calpain-
specific spectrin (fodrin) breakdown products (150- and 145-kDa doublet) by
immunoblotting was used as an assay of calpain activity (36). Mouse primary
cardiac myocyte cultures were prepared as previously described (5). Cells were
plated at 1.6 X 10° cells/well in 24-well plates and incubated for 48 h. Cells were
then infected with reovirus strain 8B (multiplicity of infection [MOI], 20, in
Dulbecco modified Eagle medium [DMEM)]) or mock infected (DMEM) and
then incubated at 37°C. Mock-infected cells were harvested at 48 h. 8B-infected
cells were harvested at 24, 48, and 72 h postinfection. Cell lysates were prepared
by sonication in lysis buffer (15 mM Tris [pH 7.4], 10 mM EDTA, 0.1% NP-40,
20% glycerol, 50 mM B-mercaptoethanol, 50 pg of pepstatin per ml, 100 pg of
leupeptin per ml, 1 mM phenylmethylsulfonyl fluoride), and the cytoplasmic
fractions were run on a 7.5% polyacrylamide gel. Protein loading for these gels
(25 pg/well) was normalized by protein concentration analysis of cell lysates.
Following transfer (15 V overnight), the nitrocellulose membrane was blocked in
5% nonfat dried milk-Tris normal saline for 2 h, probed with anti-fodrin mouse
monoclonal antibody (ICN) at a dilution of 1:1,000 for 1.5 h, and then washed.
Membranes were then incubated in anti-mouse immunoglobulin G horseradish
peroxidase-linked whole antibody (Amersham) at a dilution of 1:1,000, as the
secondary antibody. After the membranes were washed, ECL Plus (Amersham)
was used for detection.

In additional experiments, primary cardiac myocytes were infected with 8B
reovirus (using the method described above) with and without pretreatment in
CX295 (100 pM). Cell lysates were prepared and analyzed for calpain activity by
immunoblotting as described above.

Specificity of the calpain inhibitor CX295. Z-Leu-aminobutyric acid-
CONH(CH,)3-morpholine (CX295) is a dipeptide alpha-ketoamide compound
which inhibits calpain at the active site (kindly provided by Gary Rogers at
Cortex Pharmaceuticals, Inc.). To determine the efficacy of CX295 as a calpain
inhibitor, 10 g of purified p-calpain (porcine RBC; Calbiochem) was added to
the preferred fluorogenic calpain substrate sucrose-Leu-Tyr-amino-methyl-cou-
marin (SLY-AMC) in the presence and absence of CX295 (100 uM), as well as
in the presence of the pan-caspase inhibitor Z-p-DCB (100 wM). The calpain
assay was performed as previously described (16). Proteolytic hydrolysis of the
substrate by purified calpain liberates the highly fluorescent AMC moiety. Flu-
orescence at a 380-nm excitation and 460-nm emission was quantified with a
Hitachi F2000 spectrophotometer. An AMC standard curve was determined for
each experiment. Calpain activity was expressed in picomoles of AMC released
per minute of incubation time per microgram of purified calpain.

To determine the specificity of CX295 as a calpain inhibitor, 10 ng of purified
caspase 3 (Upstate) was added to the preferred fluorogenic caspase-3 substrate
DEVD-AMC in the presence and absence of the pan-caspase inhibitor Z-p-DCB
(100 pM), as well as CX295 (100 wM). In addition, 57 ng of purified caspase-1
(provided by Nancy Thornberry, Merck) was added to the preferred fluorogenic
caspase-1 substrate YVAD-AMC in the presence and absence of Z-p-DCB, as
well as CX295. The caspase activity assay was performed as previously described
(16). Caspase activity was expressed as picomoles of AMC released per minute
of incubation time per nanogram of purified caspase. Experiments were all
performed in triplicate.

Calpain inhibition in vivo. For calpain inhibition experiments, animals re-
ceived daily intraperitoneal injections of either active CX295 (70 mg/kg of body
weight in a 50-pl volume) or its inactive saline diluent. The first dose was given
30 min prior to infection with 8B virus. A total of six doses were given, at 24-h
intervals. Mice were sacrificed at 7 days postinfection.

Viral titer determination. Injected hind limbs and whole hearts were placed in
1 ml of gel saline and immediately frozen at —70°C. After three freeze (—70°C)-
thaw (37°C) cycles, the tissues were sonicated approximately 15 to 30 s by using
a microtip probe (Heat Systems model XL2020) until a homogenous solution
was obtained. The virus suspensions were serially diluted in 10-fold steps in gel
saline and placed in duplicate on L-cell monolayers for plaque assay, as previ-
ously described (13). Virus titers were expressed as log,, PFU per milliliter.

Serum CPK. Following decapitation of mice, whole blood was coliected from
individual mice into plasma separator tubes with lithium heparin to prevent
coagulation (Microtainer; Becton Dickinson). Samples were collected from 8B-
infected mice treated with CX295 (n = 20), 8B-infected mice treated with the
inactive diluent (n = 20), and uninfected age-matched controls (n = 9). Serum
creatine phosphokinase (CPK) measurements were performed by the University
of Colorado Health Sciences Center Clinical Laboratory and were expressed as
units per liter.
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FIG. 1. Consecutive cardiac midsections from mock-infected (A, C, and E) and reovirus 8B-infected (B, D, and F) neonatal mice 7 days after
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left hind limb inoculation with 1,000 PFU of strain 8B reovirus or mock inoculation. Hematoxylin- and eosin-stained tissue reveals marked
disruption of myocardial architecture in the 8B-infected heart (B) compared to that in the mock-infected heart (A). Despite the degree of injury,
there is minimal inflammatory cell infiltrate. The degree of cellularity seen in both mock-infected and infected hearts is normal for neonatal mice.
In situ detection of DNA nick ends by TUNEL revealed positively staining nuclei in the same region of an injured 8B-infected heart (D), which
are absent in a mock-infected animal (C). Immunohistochemistry with anti-type 3 Dearing reovirus antibody reveals the presence of viral antigen
in the areas of myocardial injury in the 8B-infected mouse (F), absent in the mock-infected animal (E). Original magnification, X25.

Growth. Mice were infected with 10 PFU of 8B reovirus. Infected drug-treated
(n = 15) and infected control (n = 15) mice were weighed daily on days 0 to 14
postinfection. Additional experiments using a higher dose of virus (1,000 PFU)
were also completed, with daily weighing on days 0 to 7 postinfection. In these

experiments, weights were also compared to those of normal age-matched un-
infected mice.

Statistics. The results of all experiments are reported as means * standard
errors of the means. Means were compared using parametric two-tailed ¢ tests
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munoblotting in reovirus-infected myocytes, in the presence
and absence of CX295. Calpain activity (measured by densito-
metric analysis of the 150- and 145-kDa calpain-specific fodrin
breakdown product) increased by 2.4-fold in 8B-infected car-
diomyocytes compared to that in mock-infected cardiomyo-
cytes. Calpain activity was significantly reduced in CX295-
treated, 8B-infected cells compared to that in infected,
untreated cells (P = 0.04) (Fig. 4D and E).

These experiments confirm that CX295 is both an effective
and a specific calpain inhibitor.

(iv) Calpain inhibitor CX295 inhibits 8B-induced myocar-
dial injury. Two-day-old Swiss-Webster mice were infected
with 1,000 PFU of 8B virus and received six daily intraperito-
neal injections of either active CX295 (70 mg/kg) or its inactive
saline diluent as a control (see Materials and Methods). Mice
were sacrificed on day 7 postinfection, and myocardial sections
were prepared.

Transverse cardiac sections from 8B-infected mice treated
with CX295 or its inactive diluent (control) were stained with
hematoxylin and eosin and viewed by light microscopy (Fig. SA
to F). Cardiac tissue from control mice (Fig. 5A) showed
extensive focal areas of myocardial damage, which were absent
in the CX295-treated animals, despite identical viral infection
(Fig. 5B). Marked disruption of the normal myocardial archi-
tecture was evident in hearts of control mice (Fig. 5C), com-
pared to that of drug-treated animals (Fig. 5D). Nuclei with
apoptotic morphology were easily seen within these areas in
the control mice (Fig. 5E), including in cells with condensed
and pyknotic nuclei, as well as apoptotic bodies. These char-
acteristics were absent in the drug-treated animals (Fig. SF).
Staining by TUNEL of comparable sections from drug-treated
and diluent-treated (control) infected mice was examined. Nu-
clei that stained positive by TUNEL were virtually absent in
the drug-treated mice (Fig. 5H), unlike with control infected
animals (Fig. 5G).

For quantification of the degree of myocardial injury, hema-
toxylin- and eosin-stained midcardiac sections (at least six sec-
tions per heart) were scored using a previously validated scor-
ing system (58). Twenty infected, CX295-treated animals and
23 control (infected, diluent-treated) mice were evaluated.
There was a highly significant reduction in the myocardial
injury scores of animals treated with CX295. The mean score
for control animals was 3.0 % 0.1 (range, 2 to 4), compared to
0.6 = 0.1 (range 0 to 1.5) for CX295-treated animals (P <
0.0001) (Fig. 6).

CPK is an intracellular enzyme present in cardiac and skel-
etal muscle that is released upon tissue injury. It can be mea-
sured in the serum and used as a quantitative marker of skel-
etal and cardiac muscle damage (2). Blood was collected from
infected mice treated with CX295 and inactive diluent-treated
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Mean Lesion Score
N

Infected
+CX295

Infected
Control

Heart Lesion Scoring

0 = no lesions

1 = one or a few small

2 = many small or a few large
3 = multiple small and large
4 = massive

FIG. 6. Reduction in myocardial injury score. Myocardial injury of
8B-infected animals was quantified by blindly scoring hematoxylin- and
eosin-stained midcardiac sections of drug-treated and control (inac-
tive-diluent-treated) animals upon light microscopy. At least six sec-
tions per heart were scored from 20 to 23 animals in each group. A
highly significant reduction in myocardial injury score was noted for
drug-treated animals. The mean lesion score was 3.0 = 0.1 (range 2 to
4) for controls, compared to 0.6 = 0.1 (range 0 to 1.5) for CX295-
treated animals. *, P < 0.0001. See Materials and Methods for expla-
nations of mean lesion scores.

controls at 7 days postinfection, as well as uninfected age-
matched mice. Serum CPK levels were significantly elevated in
8B-inoculated mice compared to those in uninfected mice,
indicative of 8B-induced muscle injury. There was a statistically
significant reduction in serum CPK level toward a normal level
in CX295-treated mice compared to the level in control mice
(Fig. 7). Uninfected age-matched mice had a mean CPK level
of 4,521 + 431 Ulliter. 8B-infected mice had a mean CPK level
of 5,658 = 359 Ulliter, representing an increase of 1,137 U/liter
above normal. Treatment of infected animals with CX295 re-
duced the mean CPK value to 4,634 = 350 Ulliter, not signif-
icantly elevated compared to normal levels but significantly
reduced compared to levels in infected, nontreated animals
(P < 0.05).

To determine if reductions in myocardial injury were also
associated with reduction in viral titer at primary (hind limb)
and secondary (heart) sites of replication, the titers of virus in
tissues were determined by plaque assay of tissue homoge-
nates. There was a 0.5-log,,-PFU/ml reduction in viral titers in
the hind limbs of CX295-treated animals compared to those
for controls (7.2 + 0.1 to 6.7 = 0.2 log,, PFU/ml; P = 0.003).
Hearts of CX295-treated animals had a 0.7-log;(-PFU/ml re-
duction in viral titer (6.1 = 0.2 to 5.4 * 0.2 log,o PFU/ml; P <
0.01) (Fig. 8). Although these decrements were statistically

FIG. 5. Cardiac midsections from reovirus 8B-infected neonatal mice treated with the calpain inhibitor CX295 (B, D, F, and H) compared to
those from inactive diluent control mice (A, C, E, and G) 7 days following intramuscular inoculation with 1,000 PFU of reovirus 8B. Hematoxylin-
and eosin-stained sections at an original magnification of X25 reveal extensive focal areas of myocardial injury (arrows) in the control animal (A),
which is absent in the CX295-treated animal (B), despite identical viral infections. Views at an original magnification of x50 demonstrate minimal
inflammatory cell infiltrate in the affected area (C), but myocardial architecture is dramatically disrupted, compared to that of a CX295-treated
mouse (D). At an original magnification of X100, nuclei with apoptotic morphology are easily seen in the control animal (E), as are cells
with condensed and pyknotic nuclei (long arrow) as well as apoptotic bodies (shorter arrows). These characteristics are absent in the drug-treated
mouse (F). TUNEL analysis of the control animal reveals extensive areas of positively staining cells in the same regions of injury (G) but no

TUNEL-positive arcas in the drug-treated mouse (H).
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FIG. 7. Reduction in serum CPK. CPK was measurcd as a marker
of myocardial damage in 8B-infected animals treated with CX295, and
levels were compared to those for control (inactive-diluent-treated)
infccted animals, as well as age-matched uninfected controls. There
was a significant reduction in scrum CPK toward normal levels in
CX295-treated infected mice compared to levels in infected control
animals (P < 0.05).

significant, they were modest in degree, and substantial viral
replication occurred in both the drug-treated and the control
animals (1,000- to 10,000-fold).

We wished to determinc whether the reduction in myocar-
dial damage caused by CX295 treatment reduced morbidity in
mice. We therefore measured growth (weight gain) in infected,
drug-treated mice and compared to that in infected, untreated
controls. CX295-trcated mice had improved growth compared
to that of control mice (4.6 = 0.4 versus 3.6 = 0.1 g at 7 days
postinfection; P = 0.008), and growth was not significantly
diffcrent from that of uninfected age-matched animals (4.6 =
0.4 versus 4.8 = 0.1 g; P = 0.6, not significant) (Fig. 9).

DISCUSSION

Viral myocarditis remains a serious disease without reliable
or effective trecatment. The events following viral attachment
and replication in myocardial tissue that lead to myocarditis
arc not clearly understood. A variety of mechanisms from
various models have been suggested, including direct viral in-
jury and persistence (9, 24), autoimmune phenomena (17, 45,
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FIG. 8. Tissue-specific viral titers. Titers were measured by plaque
assay at 7 days postinfection from homogcnates of limbs (site of pri-
mary replication) and hearts (site of sccondary replication) of 8B-
infected mice. A slight reduction in peak viral titers was seen in the
CX295-trcated group. Both CX295-trcated and control animals
showed a >3-log,,-unit increase in virus over the input inoculum (10
PFU/mousc).
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FIG. 9. Growth of infected mice. Growth, as measured by weight
gain, was assessed in 8B-infected mice treated with CX295 and inactive
diluent (control). Improved growth was noted for infected, CX295-
treated animals at 7 days postinfection compared to the growth of
infected controls (%, P = 0.008). Weights of infected, trcated animals
werc not significantly different from those of uninfected, age-matched
controls.

51), cytokine fluxes (18, 33, 52, 59), inflammation (29, 53), and
apoptosis (12, 77, 78). A clearer understanding of pathogenic
mechanisms is crucial for the development of effective thera-
peutic strategies, since currently employed antiviral agents
have not made a significant impact on outcomes from this
clinical syndrome. Reoviral myocarditis is an ideal model with
which to study these events, since myocardial injury is a direct
effect of virus infection and does not involve immune-mediated
effects.

Reovirus 8B induces myocarditis by apoptosis. Reovirus 8B
induces myocarditis in mice by direct viral injury to myocytes,
and we now show that this occurs by induction of apoptosis.
This conclusion is supported by the presence of distinctive
morphologic criteria upon microscopic examination of infected
heart tissues; TUNEL-positive nuclei were found exclusively in
regions of viral infection and myocardial injury. The presence
of apoptosis was confirmed by the presence of the character-
istic intranucleosomal cleavage pattern of extracted DNA. It
has been shown previously that multiple viral genes (M1, L1
and L2, and S1) encoding core and attachment proteins are
determinants of reovirus-induced acute myocarditis (56). In-
teractions between these proteins determine myocarditic po-
tential. Several of these genes have been associated with rec-
virus RNA synthesis and reovirus induction of and sensitivity
to beta interferon in cardiac myocyte cultures, which are de-
terminants of reovirus myocarditic potential. In addition, the
S1 gene, which codes for the viral attachment protein o1, is the
primary determinant of apoptotic potential among strains of
reovirus (69). It is likely, therefore, that the extent of reovirus-
induced myocardial injury is determined by a combination of
host responses, encompassing both the interferon and the ap-
optosis pathways. Indeed, just as inhibition of the interferon
pathway was sufficient to enhance reovirus-induced myocardi-
tis (59), we show here that inhibition of the apoptotic pathway
is sufficient to abrogate reovirus-induced myocarditis. Thus,
apoptosis is an integral component of reovirus-induced myo-
cardial injury.
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Calpain activity is increased in reovirus-infected myocard-
jocytes, and calpain inhibition is protective against reovirus-
induced myocarditis. Calpain is a calcium-activated cysteine
protease that has proven importance with regard to the initi-
ation of apoptosis in the reoviral model, as well as several other
unrelated models of apoptosis (see the introduction). We first
demonstrated that calpain activity is increased in cardiac myo-
cytes in vitro following 8B infection, in a time course parallel-
ing induction of apoptosis. We then demonstrated that calpain
inhibition resulted in a reduction of calpain activity in infected
cells and dramatic reductions in reovirus-induced injury, as
well as apoptosis. Clinically significant reduction in myocardial
injury was documented by reduced serum CPK levels and im-
proved growth in treated mice.

It is likely that CX295 acted primarily by interfering with
crucial signal transduction cascades involving calpain, required
for induction of apoptotic cell death. Additionally, it is possible
that CX295 provided some portion of its effect by inhibiting
viral growth at either the primary (hind limb) or secondary
(heart) site of replication, since viral titers were slightly lower
in drug-treated animals than in controls. Slight reductions in
viral titer do not seem a likely explanation for the majority of
drug effect, since in prior experiments involving reovirus-in-
duced myocarditis, yields of virus at early and late times postin-
fection did not correlate with the degree of myocardial injury
(57). In addition, efficiently myocarditic and poorly myocar-
ditic reovirus strains replicate to similar titers in the heart;
thus, differences in myocarditic potential do not simply reflect
viral growth in the heart (56).

One must be cautious in attributing a role for calpain in
disease pathogenesis based solely on data derived from calpain
inhibition. Currently available calpain inhibitors suitable for in
vivo use have weak, but measurable, inhibitory activities
against other cysteine proteases. However, the inhibitor em-
ployed in our experiments, CX295, is 500- to 900-fold more
active against calpains than cathepsins (the X; for calpain is
0.027 — 0.042 puM, versus a K; for cathepsin B of 24 uM) and
failed to inhibit caspase activity in vitro, as described in this
paper. We believe that inhibition of calpain, rather than of
other cysteine proteases, is the essential element of CX295’s
protective effect against 8B-induced myocardial apoptosis and
injury.

It is not clear what constitutes the upstream and downstream
components of a signaling cascade within which calpain might
fit, either during reovirus infection or in other systems where
calpain is involved. The mechanisms by which reovirus triggers
increased cellular calpain activity are not known but may in-
clude initiation of calcium fluxes following viral attachment, as
demonstrated with rotavirus, a closely related virus (15); up-
regulation of growth factors which facilitate calpain activation
(37, 66); or upregulation of endogenous calpain activator pro-
teins which have been characterized for several cell types (49).
Calpain may play a physiologic role in the regulation of a
variety of cellular transcription factors and cell cycle-regulating
factors implicated in apoptosis, including Jun, Fos, p53, cyclin
D, and NF-«B (3, 7, 73). We have recently shown that activa-
tion of NF-«kB is required for reovirus-induced apoptosis (J. L.
Connolly, S. E. Rodgers, B. Pike, P. Clarke, K. L. Tyler, and
T. S. Dermody, Abstr. 17th Ann. Meet. Am. Soc. Virology,
abstr. 17-2, 1998), suggesting the possibility that calpain inhi-
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bition acts to modulate NF-«kB-induced signal transduction.
Calpains may also modulate cell death by cleaving Bax, a
proapoptotic protein located in the cytosol (75). In addition,
the caspase and calpain proteolytic cascades may interact.
Caspases may play a role in the regulation of calpain by cleav-
age of calpastatin, the endogenous inhibitor of calpain (43, 71,
76). Reflexively, calpain may be involved in the proteolytic
activation of some caspases (47).

Potential therapeutic efficacy of calpain inhibiters. In con-
clusion, our data suggest that reovirus-induced myocarditis
occurs by direct viral induction of apoptotic cell death and that
injury can be markedly reduced with the use of a calpain
inhibitor. To our knowledge, this is the first successful demon-
stration of the use of calpain inhibition in vivo to ameliorate
myocarditis in particular and virus-induced disease in general.
However, future experiments are needed to determine
whether calpain inhibition remains effective when it is admin-
istered after the onset of viral infection. Our results demon-
strate the utility of apoptosis inhibition as a strategy for pro-
tection against viral infection.
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Serotype 3 reoviruses inhibit cellular proliferation by inducing a G,/M phase cell cycle arrest. Reovirus-
induced G,/M phase arrest requires the viral S1 gene-encoded o'ls nonstructural protein. The G,-to-M
transition represents a cell cycle checkpoint that is regulated by the kinase p34°“>. We now report that
infection with serotype 3 reovirus strain Abney, but not serotype 1 reovirus strain Lang, is associated with
inhibition and hyperphosphorylation of p34°“>, The ols protein is necessary and sufficient for inhibitory
phosphorylation of p34°9<2, since a viral mutant lacking o'1s fails to hyperphosphorylate p34°“°* and inducible
expression of o1s is sufficient for p34°*“* hyperphosphorylation. These studies establish a mechanism by which

reovirus can perturb cell cycle regulation.

Mammalian reoviruses are nonenveloped, double-stranded
RNA viruses having a broad host range in nature (68). Mech-
anisms underlying reovirus-induced cytopathicity are not com-
pletely understood. Although reovirus replication is thought to
be entirely cytoplasmic (reviewed in reference 47), reovirus
infection is associated with dramatic alterations of nuclear
function that likely contribute to cell death. Reovirus induces
apoptosis (57, 70) and inhibits cellular proliferation (55, 69).

Reovirus inhibits cellular proliferation by inducing a G,/M
phase cell cycle arrest. Serotype 3 prototype strains type 3
Abney (T3A) and type 3 Dearing (T3D) induce G./M cell cycle
arrest to a greater extent than the prototype serotype 1 strain
Lang (TIL) (55). Strain-specific differences in the capacity of
reovirus to induce G,/M cell cycle arrest are determined by the
viral S1 gene (55, 69). The S1 gene is bicistronic, encoding the
viral attachment protein o1 and the nonstructural protein ols
in overlapping but out-of-sequence reading frames (15, 30, 62).
The o1s protein is necessary and sufficient for reovirus-induced
G,/M cell cycle arrest since a ols-deficient reovirus mutant
fails to induce G,/M cell cycle arrest and ectopic expression of
ols results in accumulation of cells in the G,/M phase of the
cell cycle (55).

The transition from G, to M is under the control of the
cyclin-dependent kinase p34°““%/cdkl (cde2) (29, 31, 49, 50).
Activation of cdc2 requires its association with cyclin B (13, 22,
35, 42, 44, 46). Cyclin B expression varies with the phase of the
cell cycle, with levels peaking during G, and early M phase (27,
28, 40, 54). Regulated expression of cyclin B ensures that the
cdc2-cyclin B heterodimeric complex forms at the appropriate
time during cell cycle progression (54).

The cdc2-cyclin B complex is maintained in an inactive state
as a result of hyperphosphorylation of cdc2 (5, 12, 14, 54, 63).
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(B-182), University of Colorado Health Sciences Center, 4200 E. 9th
Ave., Denver, CO 80262. Phone: (303) 393-2874. Fax: (303) 393-4686.
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Cdc2 migrates in acrylamide gels as three distinct bands cor-
responding to the level of inhibitory phosphorylation. Cdc2-PP
is phosphorylated on both Thr14 and Tyrl5, and cdc2-P is
phosphorylated on Thr14 or Tyr15 (48). The protein kinases
weel and myt1 are capable of phosphorylating cdc2 (4, 18, 45,
51, 52, 60). Entry into mitosis requires removal of the inhibi-
tory phosphorylation on cdc2 by the dual-specificity phospha-
tase cdc25C (23, 34, 37, 43, 59, 65). Dephosphorylation results
in cdc2 kinase activation, which initiates events necessary for
mitosis (reviewed in reference 29).

Having shown that reovirus-induced inhibition of cellular
proliferation (69) results from G,/M phase cell cycle arrest
(55), we conducted experiments to determine how reovirus
infection perturbs G,-to-M checkpoint regulatory mechanisms.
We found that the capacity of cdc2 kinase to phosphorylate a
cdc2-specific histone H1 peptide substrate is dramatically in-
hibited in cell lysates following infection with serotype 3 reo-
virus. Reovirus-induced inhibition of cdc2 kinase activity is
associated with an increase in hyperphosphorylated forms
of cdc2. Expression of ols results in hyperphosphorylation of
cdc2, and a ols-deficient mutant reovirus fails to inactivate
cdc2. These results indicate that serotype 3 reovirus-induced
G,/M phase cell cycle arrest is associated with cdc2 kinase in-
hibition and provide biochemical evidence linking the o1s pro-
tein to this process.

MATERIALS AND METHODS

Cells and viruses. Spinner-adapted mouse L929 cclls (ATCC CCL1) were
grown in Joklik’s modificd Eagles’s minimal essential medium, which was sup-
plemented to contain 5% heat-inactivated fetal bovinc serum (Gibco BRL,
Gaithersburg, Md.) and 2 mM r-glutamine (Gibco). Human embryonic kidney
(HEK293) cells (ATCC CRL1573), Madin-Darby caninc kidney (MDCK) cells
(ATCC CCL34), C127 cells (ATCC CRL1616), and HeLa cells (ATCC CCL2)
were grown in Dulbecco’s modified Eagle’s medium, which was supplemented to
contain 10% heat-inactivated fetal bovine serum (HEK293, MDCK, and C127)
or 10% non-heat-inactivated fetal bovine serum (HeLa), 2 mM L-glutamine,
1 mM sodium pyruvate (Gibco), 100 U of penicillin per ml, and 100 pg of
streptomycin per ml (Gibco).

Reovirus strains T1L and T3A are laboratory stocks. The reovirus field isolate
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strain type 3 clone 84 was isolated from a human host (11). T3C84-MA was
isolated as previously described (9). Type 3 clone 84 and T3C84-MA arc abbre-
viated herein as T3/o1s+ and T3/o1s—, respectively. Viral strains were plaque
purified and passaged two to three times in 1929 cells to gencrate working stocks
as previously described (67).

Reovirus infection. Cells were sceded in six-well plates (Costar, Cambridge,
Mass.) at 5 X 10° cells per well in a volume of 2 ml of the appropriate medium.
After 24 h of incubation, when cells were 50 to 60% confluent, the medium was
removed, and cells were infected with reovirus at a multiplicity of infection
(MOI) of cither 100 PFU per cell (TIL and T3A) or 1,000 PFU per cell
(T3/rls+ and T3/ols—) in a volume of 200 pl at 37°C for 1 h. After viral
infection, 2 ml of fresh medium was added to cach well. At various times
postinfection, cells were harvested and washed with 1 ml of phosphate-buffered
saline.

Inducible expression of ols. C127 stable transformants expressing T3D ols
(BPX6-2) from the mouse metallothionein promoter and vector control cells
(BPV1-2) were gifts of Aaron Shatkin (16). BPX6 (cls-cxpressing) and BPVI
(vector control) cells were seeded in six-well plates at 5 X 10° cells per well in a
volume of 2 ml per well. After 24 h of incubation, cells were incubated with I pM
CdCl, to induce o1s expression (17) and harvested at various times postinduction
for cde2 kinase migration analysis.

Gel electrophoresis and immunoblot analysis. Cell pellets were lysed in 2X
Lacmmli bufler (36) (approximately 10° cells per 50 wl) containing 4% sodium
dodecyl sulfate, 20% glycerol, 10% B-mercaptocthanol, 0.004% bromphenol
blue, and 0.125 M Tris-HCl (pH 6.8) (Sigma, St. Louis, Mo.). Lysates were
sonicated for 5 to 10 s on ice, boiled for 10 min, and electrophoresed in 10 or
15% polyacrylamide gels as described previously (3, 36) (Hoefer Pharmacia
Biotech, San Francisco, Calif.) at constant voltage (60 V through the stacking gel
and 150 V through the resolving gel).

Following clectrophoresis, gels and Hybond-C nitrocellulose membranes (Am-
ersham, Piscataway, N.J.) were separately equilibrated to Towbin’s transfer
buffer (0.025 M Tris base, 0.15 M glycine, 20% methanol [pH 8.0]) for 5 min (66).
Proteins were electroblotted onto nitrocellulose membranes for 30 to 45 min at
100 V in a Hocfer Scientific blotting tank at 4°C. Membranes were rinsed in
Tris-buffered saline (TBS; 20 mM Tris base, 137 mM NaCl [pH 7.6]), incubated
with fresh 5 to 10% nonfat dry milk (NFDM) in TBS at 22°C for 2 h, and rinsed
with TBS.

Immunoblots were normalized for actin content as determined by the density
of actin staining detected using an antiactin antibody (CP01; Calbiochem, San
Dicgo, Calif.) (1:5,000 dilution in TBS containing 5% NFDM at 22°C for 1 h) and
probed for cither cyclin Bl (554177, PharMingen; San Diego, Calif.) at a 1:375
dilution in TBS at 22°C for 16 h, cdc2 (SC-54; Santa Cruz Biotechnology, Santa
Cruz, Calif.) at a 1:500 dilution in TBS at 22°C for 3 to 4 h, or ¢cdc25C (67211A;
PharMingen) at a 1:300 dilution in TBS at 22°C for 3 h. Bound antibodics were
probed with an anti-mouse immunoglobulin conjugated to horseradish peroxi-
dase (NA931; Amersham) at a 1:2,000 dilution in TBS containing 2% NFDM at
22°C for 2 to 3 h. Antibody binding was visualized using enhanced chemilumi-
nescence (Amersham), and densitometric analysis was performed using a FluorS
Multilmager system and Quantity One software (Bio-Rad, Hercules, Calif.).

The fold increases in cyclin B1 levels following reovirus infection were calcu-
Jated by dividing the densitometric value for cyclin BI following infection by the
densitometric value for cyclin Bl following mock infection for cach time point.
The fraction of cdc2-PP was calculated by dividing the densitometric value for
cdc2-PP by the densitometric value for the total amount of cde2 kinase. The fold
increase in cde2-PP following reovirus infection was calculated by dividing the
fraction of cde2-PP following virus infection by the fraction of cde2-PP following
mock infection for cach time point. Nocodazole treatment (5 g per ml for 20 h)
resulted in the fastest-migrating, nonphosphorylated/active form of cdc2 (data
not shown). The three phosphorylation states for cde2 and ¢dc25C were con-
firmed by treating 1.929 cell lysates with 0, 2, 5, or 10 U of potato acid phospha-
tase (Roche Molecular Biochemicals, Indianapolis, Ind.) for 1.5 h and 15 min,
respectively, in 50 mM PIPES [piperazine-N,N'-bis(2-cthancsulfonic acid)] con-
taining | mM dithiothreitol at 30°C prior to edc2 or c¢dc25C detection (data not
shown).

Cdc2 protein kinase assay. Cde2 kinase activity was determined by using the
SignaTECT cdc2 protein kinase assay system (Promega, Madison, Wis.). Cells
were lysed by sonication in cdc2 extraction buffer containing 50 mM Tris-HCl
(pH 7.4), 250 mM NaCl, I mM EDTA, 50 mM NaF, 1 mM dithiothreitol, 0.1%
Triton X-100, 10 wM lcupeptin, and 100 g of aprotinin per ml and normalized
for actin content. Aliquots of cell lysate corresponding to equivalent amounts of
actin content were incubated with 50 pM [y-*2P]JATP and 25 pM histone H1
biotinylated peptide substrate. The radiolabeled phosphate substrate was recov-

J. VIROL.

A

Time post-infection (h)

6 24 31
M ™ M T3 M T3

o e e e gl - cyclinB1
I SIS S GG - :ctin

1.6 4

14 4

1.2 4

Fold increase in cyclin B1 levels

6 24 31
Time post-infection (h)

FIG. 1. T3A infection induces increased cyclin B1 levels. 1.929 cells
were either mock infected (M) or infected with T3A (T3) at an MOI
of 100 PFU per ccll. Cell lysates were collected, normalized for actin
content, and probed for cyclin B1 (A). At each time point postinfec-
tion, the band intensity for cyclin Bl following T3A infection was
compared to that following mock infection and represented as the fold
incrcase in cyclin Bl level (B).

ercd on a streptavidin matrix and analyzed by scintillation counting. Nocodazole
treatment (5 wg per ml for 20 h) was used as a positive control.

RESULTS

Cyclin Bl levels are increased following infection with reo-
virus T3A. Cyclin Bl levels oscillate with the cell cycle, peaking
during G, and early M phase (27, 28, 40, 54). To determine
whether reovirus infection alters levels of cyclin B1, we ana-
lyzed cyclin B1 levels in 1929 cells following T3A infection
(Fig. 1). At various intervals after infection, 1929 cell lysates
were collected, normalized for actin content, and probed for
cyclin B1 protein (Fig. 1A). T3A infection resulted in increased
cyclin Bl levels at 24 h postinfection (1.4-fold increase over
mock-infected cells), and these levels were further increased at
31 h postinfection (1.75-fold increase over mock-infected cells)
(Fig. 1B). These results indicate that reovirus-induced G,/M
phase cell cycle arrest does not result from loss of cyclin B1.

T3A reovirus infection inhibits cdc2 kinase activity. Cdc2
kinase activity plays an important regulatory role at the G,-
to-M checkpoint (29, 31, 49, 50). We therefore analyzed cdc2
kinase activity following T3 reovirus infection. L929 cells were
infected with T3A, and cdc2 kinase activity in cell lysates was
assessed at 48 h postinfection. Lysates were normalized for
actin content to allow kinase activity in lysates from infected
and mock-infected cells to be directly compared. T3A infection
resulted in a 4.8-fold reduction in cdc2 kinase activity in com-
parison to mock-infected cells, P = 0.028 (Fig. 2). Thus, reo-
virus-induced G,/M phase cell cycle arrest is associated with
inhibition of the major G,-to-M transition control kinase, cdc2.
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FIG. 2. Cdc2 kinase activity is inhibited following T3A infection.
L1929 cells were mock infected, infected with T3A at an MOI of 100
PFU per cell, or treated with nocodazole. Cell lysates were collected at
48 h postinfection, normalized for actin content, and assayed for cdc2
kinase activity. Results arc presented as the mean product formed in
counts per minute minus a no-cell lysate control for three independent
experiments. The error bars indicate the standard errors of the mean.

T3A induces inhibitory phosphorylation of cdc2 kinase. Re-
duced cdc2 kinase activity may result from either protein deg-
radation or kinase inactivation by inhibitory hyperphosphory-
lation (5, 12, 14, 54, 63). We therefore analyzed the amounts of
phosphorylated cdc2 by immunoblot assay at 6, 24, and 48 h
postinfection (Fig. 3). In comparison to mock-infected control
cells, T3A infection was associated with an increase in the
slower-migrating, hyperphosphorylated form of cdc2 (cdc2-PP)
at both 24 (1.5-fold) and 48 (2.5-fold) h postinfection (Fig. 3A).
The increase in cdc2-PP following T3A reovirus infection was
significantly greater than the increase in cdc2-PP following
TIL infection at 24 and 48 h postinfection, P = 0.006 and P =
0.003, respectively (Fig. 3B). These results indicate that T3
reovirus infection is associated with hyperphosphorylation of
cde2. Furthermore, infection with T1 reovirus, which induces
substantially less Go/M cell cycle arrest than T3 reovirus (55),
likewise induces less inhibitory phosphorylation of cdc2 (Fig.
3C).

Cdc2 is phosphorylated in cell lines that undergo G,/M
phase cell cycle arrest in response to reovirus infection. Given
that the capacity of reovirus to induce G,/M phase cell cycle
arrest is not cell type specific (55), we considered whether
hyperphosphorylation of cdc2 occurred following reovirus in-
fection of other cell types. MDCK, C127, HEK293, and HeLa
cells were either infected with T3A or mock infected as a
control, and cdc2 phosphorylation status in cell lysates was
determined at 48 h postinfection. Increases in the fraction of
cdc2-PP following T3A infection was observed in all cell lines
tested except HeLa cells (Fig. 4). Therefore, reovirus-induced
hyperphosphorylation of cdc2, like G,/M cell cycle arrest, is
not limited to cell type.

The ols protein is necessary and sufficient to inhibit cdc2
kinase. We have previously shown that ols expression is re-
quired for G,/M phase cell cycle arrest in response to serotype
3 reovirus infection (55). To determine whether ¢1s is required
for reovirus-induced cdc2 kinase inhibition, we compared lev-
els of hyperphosphorylated cdc2 in 1929 cells following infec-
tion with reovirus strains T3/o1s+ and T3/c1s—, which vary in
the capacity to express ols (58). The accumulation of phos-
phorylated cdc2 following infection with T3/c1s- was signifi-
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cantly less than the accumulation of phosphorylated cdc2 fol-
lowing infection with its o1s-expressing parent virus, T3/o1s+
(Fig. SA). Therefore, functional o1s is required for serotype 3
reovirus-induced hyperphosphorylation of cdc2.

We also have shown that ectopic expression of o1s results in
G,/M phase cell cycle arrest (55). To determine whether ols
expression alone is sufficient to induce cdc2 kinase inhibition,
we analyzed the phosphorylation status of cdc2 in C127 cells
engineered to express the T3D ols protein under the control
of the mouse metallothionein promoter (16). The fraction of
cdc2-PP following induction of o1s by T uM CdCl, was 1.6-
and 2.0-fold greater in cells expressing ols than in vector
control cells at 45 and 55 h postinduction, respectively (Fig.
5B). These results indicate that ols is necessary and sufficient
to induce inhibition of cdc2 kinase.
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FIG. 3. Cdc2 kinase inhibition following T3A infection results from
hyperphosphorylation. 1929 cells were either mock infected (M) or
infected with T3A (T3) (A) or T1L (T1) (B) at an MOI of 100 PFU per
cell. Cell lysates were collected at the indicated times postinfection,
normalized for actin content, and probed for cdc2 kinase. Phosphor-
ylated forms of cdc2 are shown. Cdc2-P indicates either Thr14 or Tyr15
phosphorylation, and cdc2-PP indicates Thr14 and Tyrl5 phosphory-
lation. (C) The fraction of cdc2-PP was determined for each condition,
and at each time point postinfection, the fraction of cdc2-PP following
TIL (triangles) or T3A (squares) infection was compared to that
following mock infection and represented as the fold increase in cdc2-
PP. Results are presented as the mean fold increase in cdc2-PP for four
(T3A) or two (T1L) independent experiments. The error bars indicate
the standard errors of the mean.
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FIG. 4. T3A infcction inhibits cdc2 kinase in a variety of cell lines.
MDCK (A), C127 (B), HEK293 (C), and HeLa (D) cells were either
mock infected (M) or infected with T3A (T3) at an MOI of 100 PFU
per cell. Cell lysates were collected at 48 h postinfection, normalized
for actin content, and probed for cde2 kinase. Phosphorylated forms of
cdc2 arc shown. Cdc2-P indicates either Thr14 or Tyrl5 phosphoryla-
tion, and cdc2-PP indicates Thr14 and Tyrl5 phosphorylation.

Cdc25C is inhibited following serotype 3 reovirus infection.
To determine whether increased inhibitory phosphorylation of
cde2 following reovirus infection resulted from inactivation of
the cdc2-specific phosphatase cdc25C, we analyzed the differ-
ent phosphorylation states of ¢dc25C in polyacrylamide gels
since cdc25C activity is regulated by phosphorylation. At 6, 24,
31, and 48 h postinfection, L929 cell lysates were run on poly-
acrylamide gels, transferred to nitrocellulose, and probed for
¢dc25C phosphatase (Fig. 6). T3A infection resulted in a de-
crease in the slower-migrating/hyperphosphorylated or active
form of ¢dc25C (hyperphosphorylated cdc25C) at 24, 31, and
48 h postinfection compared to mock-infected controls. There
was a corresponding increase in the inactive Ser216-phosphor-
ylated and nonphosphorylated forms of ¢dc25C compared to
mock-infected controls. These results suggest that one pathway
by which reovirus inhibits cdc2 is to prevent cdc2 dephosphor-
ylation by inhibiting the cdc2-dependent phosphatase cdc25C.

DISCUSSION

Serotype 3 reovirus strains induce G,/M phase cell cycle
arrcst in a varicty of target cells in vitro (55). The progression
from G, to M is regulated by the association of cyclin BT with
the cde2 kinase (13, 22, 35, 42, 44, 46). We hypothesized that
either decreased levels of cyclin B1 or decreased activity of
cde2 kinase might mediate reovirus-induced cell cycle arrest at
the G,-to-M checkpoint. Our findings demonstrate that reovi-
rus infection does not result in decrcased cyclin Bl levels.
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FIG. 5. The als protein is necessary and sufficient to inhibit cdc2.
(A) 1929 cells werc mock infected (M), infected with T3A (T3) at an
MOI of 100 PFU per cell, or infected with T3C84 (T3/o1s+) or ols-
null mutant T3C84-MA (T3/c1s—) at an MOI of 1,000 PFU per cell.
Cell lysates were collected at 48 h postinfection, normatized for actin
content, and probed for cdc2 kinase. Phosphorylated forms of cdc2 are
shown. cdc2-P indicates either Thr14 or Tyrl5 phosphorylation, and
¢dc2-PP indicates Thr14 and Tyr15 phosphorylation. (B) C127 cells
stably transfected with T3D-o1s under the control of the mouse me-
tallothioncin promoter (o'1s) or vector control cells (V) were induced
with CdCl,, harvested at the indicated times postinfection, normalized
for actin content, and probed for cdc2 kinase. Phosphorylated forms of
cdc2 arc shown.

Instead, we found a striking reduction in cdc2 kinase activity
and a concomitant increase in cdc2 hyperphosphorylation.
Cdc2-cyclin B activity is inhibited by phosphorylation of cdc2
(12, 54, 63). Following serotype 3 reovirus infection, there is a
significant reduction in cdc2 kinase activity and an increase in
inhibitory phosphorylation of cdc2. Inhibition of cdc2 kinase by
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FIG. 6. Cdc25C is inhibited following reovirus infection. 1.929 cells
were either mock infected (M) or infected with T3A (T3) at an MOI
of 100 PFU per cell. Cell lysates were collected at the indicated times
postinfection, normalized for actin content, and probed for cdc25C.
Phosphorylated forms of cdc25C are shown. Reovirus infection results
in reduction of the hyperphosphorylated/active form of cdc25C. Re-
sults are representative of three independent experiments.
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reovirus is not cell type specific and occurs in all cell lines that
were found to undergo significant amounts of G,/M phase cell
cycle arrest following serotype 3 reovirus infection except in
HelLa cells, which show the least amount of reovirus-induced
G,/M arrest.

We have previously shown that ols expression is required
for reovirus-induced G,/M phase cell cycle arrest (55). We now
show that o1s expression is also required for inhibition of cdc2
kinase activity. Furthermore, ols expression alone, which in-
duces an increase in the percentage of cells in the G,/M phase
of the cell cycle (55), is capable of inhibiting cdc2. These results
provide strong evidence that the viral S1 gene product ols
induces G,/M phase cell cycle arrest at the G,-to-M checkpoint
by activating a pathway leading to hyperphosphorylation of
cdc? kinase; however, alternative mechanisms may contribute
to reovirus-induced G,/M phase cell cycle arrest. These results
are consistent with observations that ¢l1s is present in the
nucleus of serotype 3-infected cells (8, 58), where it could
interact with proteins responsible for G,-to-M transition.

Several viruses are influenced by or alter cdc2 kinase activity.
For example, the herpes simplex virus U; 13 and «22/Ugl.5
(ICP22) gene products (1), Autographa californica nucleopoly-
hedrovirus ODV-EC27 (6, 7), and human papillomavirus E6
and E7 (64) can all increase cdc2 activity. In cases where
viruses increase cdc2 kinase activity, it is possible that this
activity is required to phosphorylate viral proteins. For exam-
ple, varicella-zoster virus glycoprotein gl (72), Epstein-Barr
virus EBNA-LP (33), hepatitis E virus ORF3 (73), and herpes
simplex virus ICPO (2) are phosphorylated by cdc2. Conversely,
human immunodeficiency virus (HIV) Vpr (25, 56) and human
papillomavirus E2 (19) inhibit or delay the activation of cdc2.
These observations suggest that viruses have evolved mecha-
nisms to alter cdc2 function. At least in the case of HIV Vpr,
cdc? inhibition and subsequent G,/M cell cycle arrest result in
increased viral replication (24, 71). The role of reovirus-in-
duced G,/M arrest in viral replication remains unknown. How-
ever, it is clear that reovirus-induced G,/M cell cycle arrest
does not require apoptotic DNA damage (55).

The mechanism by which reovirus inhibits cdc2 kinase ac-
tivity remains to be established. Cdc2 kinase activity is nega-
tively regulated by the kinase weel and positively regulated by
the phosphatase cdc25C (reviewed in reference 29). Following
reovirus infection, cdc25C is inhibited by dephosphorylation. It
is suggested that HIV Vpr can inhibit cdc2 activity (25, 56) via
activation of weel and inactivation of cdc25C (26, 41). Vpr
may inactivate cdc25C through physical interaction with pro-
tein phosphatase 2A (26), which inhibits cdc25C activity by
dephosphorylation (10, 32, 38). Cdc25C activity is also inhib-
ited following phosphorylation by the kinases chkl and chk2
(20, 21, 39, 53, 61). Based on these observations, it is possible
that the reovirus ols protein mediates inactivation of cdc2
kinase by increasing the levels of weel and/or chkl or by
increasing the translocation of protein phosphatase 2A to the
nucleus. Weel directly phosphorylates and inactivates cdc2,
whereas chkl inactivates ¢dc25C so that c¢dc25C is no longer
available to dephosphorylate and activate cdc2. Recent sup-
portive investigation revealed that reovirus infection is associ-
ated with increased expression of weel and chkl (G. J. Pog-
gioli and R. L. DeBiasi, unpublished observation). Our
ongoing work is directed at defining the biochemical mecha-
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nisms underlying o1s-mediated inactivation of cdc2 kinase and
establishing the pathological significance of this process.
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Polymerase chain reaction (PCR) is a powerful
tachnique that allows detection of minute quantities
of DNA or RNA in cerebrospinal fluid (CSF), vesicle
and endoneurial fluids, blood, fresh-frozen, and
even formalin-fixed tissues. Various infectious
agents can be detected with high specificity and
sensitivity, including bacteria, parasites, rickettsia
and viruses. PCR analysis of CSF has revolutionizad
the diagnosis of nervous system viral infections,
particularly those caused by human herpesviruses
(HHV), and has now replaced brain biopsy as the
gold standard for diagnosis of herpes simplex virus
(HSV) encephalitis. PCR analysis of both CSF and
nervous system tissues has also broadened our
understanding of the spectrum of disease caused by
HSV-1 and -2, cytomegalovirus (CMV), Epstein-Barr
virus (EBV), varicella zoster virus (VZV), and HHV-5.
Nonetheless, positive tissue PCR results must be
interpreted cautiously, especially in cases that fack
corroborating clinical and neuropathologic evidence
of infection. Moreover, positive PCR results from tis-
sues do not distinguish tatent from productive (lytic)
viral infections. In several neurological diseases,
negative PCR results have provided strong evidence
against a role for herpesviruses as the causative
agents. This review focuses on the use of PCR tests
to diagnose HSV and VZV infections of the nervous

system.

Introduction

Polymerase chain reaction (PCR) can be applied to
the diagnosis of any disease in which nucleic acids (e.g.
DNA, RNA) or their expression as messenger RNA
(mRNA) play a role. PCR is useful to study congenital

diseases, malignancies, autoimmune disorders, and
infections (23); PCR aids in diagnosis, therapy, disease
classification, epidemiology, and basic research. In
infectious disorders, PCR is ideally suited for identify-
ing fastidious organisms that may be difficult, or impos-
sible, to culture (24). The technique can be performed
rapidly and inexpensively, and test results are typically
available faster than with standard culture or serological
methods. Nucleic acids of bacteria, mycobacteria, rick-
ettsia, parasites, treponemes, and viruses can be identi-
fied by PCR analysis of any body secretion, fluid, or tis-
sue. The widespread availability of an in-house test in
most hospitals, or ready access to a reference laborato-
1y, has led to the incorporation of PCR testing on CSF
and body fluids into medical practice in the United
States and other developed countries. Unfortunately, the
rapid proliferation of testing has led to substantial vari-
ation among laboratories in terms of quality control,
techniques and procedures.

Despite the wide application of PCR to CSF and
other body fluids, such as vesicle or endoneurial fluids,
PCR analysis of central (CNS) and peripheral (PNS)
nervous system tissues remains primarily a research tool
and is not available at all institutions. PCR on tissues
and CSF, sometimes in conjunction with immunohisto-
chemistry or in situ hybridization techniques, have fur-
thered our understanding of the role of herpesvirus in
cases of encephalitis, meningitis, meningoencephalitis,
myelitis, ventriculoencephalitis, polymyeloradiculits,
and brainstem infections. PCR of cersbral arteries has
established a direct role for VZV in cases of waxing and
waning vasculitis (36), and PCR of temporal arteries has
negated a role for VZV in giant cell arteritis (66).

Interpretation of positive PCR amplification of her-
pesvirus genome in brain tissues from patients with neu-
rological disorders of uncertain etiology can be prob-
lematic. Since amplification of viral nucleic acid doss
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not distinguish bstween genomic fragments, latent
infection, low-grade persistent infectiom, or active
(Iytic) infection. The interpretation of a positive result
may depend on the precise gene or genes being ampli-
fied, and whether the methods used are designed to
detect genomic DNA, RNA, or mRNA. Herpesviruses
arz generally classified as either neurotropic (HSV,
VZV) or lymphotropic (EBV, HHV-6, HHV-7, HHV-8)
based on their tissue location during latency; defined as
“the persistence of the virus in a host in the absence of
clinically apparent infection,” with the capacity to reac-
tivate (31). Considerable information is available about
the physical state, viral nucleic acids and proteins dur-
ing latency of neurotropic herpesviruses (see companion
article by Cohrs et al.) Numerous studies have also doc-
umented latency of herpesviruses in cells other than
those of the nervous system, including peripheral blood
mononuclear cells (78), B-lymphocytes, and T-lympho-
cytes.

In the CNS, nucleic acid hybridization first detected
HSV viral genome in human brains in 1979 (73) and
again in 1981 (32). PCR on human brain revealed HSV
DNA in brainstem, oifactory bulbs and limbic arzas (7).
Since HSV has never been isolated from normal human
brain tissue, the presence of the viral genome does not
definitively signal latent viral infection or the capacity
for rsactivation, and instead might represent random
viral sequences or fragments of virus. Although the viral
transcripts associated with latency (LATS) have been
identified in a mouse model of HSV infection (27), their
presence has not been definitively demonstrated in
human brain tissue (see accompanying article by Cohrs
et al.). Several laboratories have also reported detection
of viral genomic material of HHV-6, HHV-7, and HHV-
8 in normal autopsy human brain (15, 21). It remains to
be proven whether these viruses establish latency with-
in brain. In contrast, VZV DNA has not been detected in
normal human brain in most studies, and its presence on
tissue PCR usually indicates productive infection of
CNS.

This review summarizes the principles of PCR test-
ing and the role of CSF PCR in the diagnosis and thera-
peutic management of herpesvirus infections of the

ervous system, particularly HSV and VZV. Problems
inherent in interpretation of positive tissue PCR for
viruses that meay become latent in the nervous system
ars also discussad.

Principles of PCR testing
PCR techniques allow the in virro synthesis of mil-
lions of copies of 2 specific gene segment, and in turn,
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Figure 1. PCR gel. PCR dstection of VZV DNA in carebral
artery sections from a patient with waxing/waning vasculitis
(see ref 38). Total DNA was extracted from: BSC-1 cells; sec-
tions of multiple cerebral arteries; VZV- or HSV-1-infected BSC-
1 cells; and CMV-infected human WI38 celis. Template DNA
was omitted from one of the reaction tubes (no DNA). One ng
of DNA from uninfected and virus-infectad cells, and 10 w! of
dupiicate samples of DNA from sections of right middle cerebral
artary (1), anterior carebral artery (2), basilar artery (3), right
vertebral artery (4), and right posterior cerabral artery (35) ware
PCR-amplified, using primars specific for VZV gene 29, HSV-1
gene UL30, genes corresponding to the CMV major immediate
early genes, or human p-actin. Figure reproduced with permis-
sion, American Academy of Neurology.

the rapid detection: of even a few copies of the target
nucleic acid (see refs. 23 and 24 for reviews). DNA is
often the targst nucleic acid, although RNA can also be
detected by reverse transcription (RT-PCR).

PCR uses the heat-stable DNA-synthesizing enzyme,
DNA polymerase, to extend synthetic DNA fragments
onto cligonucleotide primers designed to bind to target
DNA segments. Oligonucleotide primers have
sequences complementary to each strand of DNA to be
amplified and are (usually) 20 to (rarely) 40 bases in
ength. Primer design is crucial for efficient and accu-
rate PCR analysis. In the past, primer sequences were
gznerated manually. Currently, software programs that
facilitate optimal primer design are available
(hetp:/fwww.genome.wimit. edw/cgi-bin/primer/primer3
.cgi) to address issues such as guanine-cytosine content,
melting points that match for both primer sequences,
and the reduction of unwanted primer-primer formation.

The first step in PCR is the denaturation of the dou-
ble-stranded targat DNA by heating the sample w0 95°C.
During heating, the DNA polymerase remains intact.
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hybridization using a probe internal to the nested PCR product

Figure 2. Schematic of Nestad PCA.

Oligonucleotide primers are supplied in considerable
excess to ensure that more primers rather than the orig-
inal (de novo) complementary strand of DNA are avail-
able for binding. As the sample containing the denaturad
DNA, primers, and DNA polymerase is cooled to 35-
70°C, the primers anneal (bind) to their respective com-
plementary template strands. The nucleotide building
blocks adenine, guanine, thymidine, and cytosine are
also supplied in molar excess. Using these nucleotides,
the DNA polymerase (usually Tag) “reads’ the target
DNA strand in a 3’ to 3’ direction and forms a new,
complementary DNA sequence downstream from the
primer. This results in two complete double-stranded
DNA pairs concluding the first cycle of PCR testing.
Multiple cycles (30-40) of denaturing, annealing of new
primers and strand elongation amplify DNA into 10%-10°
copies over 2-3 hours.

The resulting PCR product is visualized and identi-
fied based on its migration in an electrophoretic agarose
gel containing ethidium bromide. The gensration of a
PCR product (amplicon) of the appropriate size, as pre-
dicted from the target gene and primer set usad is the
first indication of a positive resaction. However,
Southern blotting is usually performed to ensure that the

products generated are specific. The amplified fragment
is transferred from the gel and analyzad using a radioac-
tively or fluorescently labeled probe that is complemen-
tary to the expected target gene (Figure 1). Failure of the
probe to bind to the amplicon indicates a false-positive
PCR product due to mispriming or other technical
issues, whereas confirmation of the specificity of ampli-
fied PCR products by Southern blot ensures that the
product is derived from the target gene. Direct sequenc-
ing of the amplified product is also used for PCR prod-
uct confirmation; however, this approach is limited pri-
marily to the research setting since it is too labor-inten-
sive for routine use.

Nested PCR is a modification that increases the
specificity and especially the sensitivity of PCR. Neste
PCR involves a second round of PCR in which an addi-
tional set of new primers internal to the original primers
is utilized (Figure 2). A fragment smeller than the origi-
nal target fragment becomes the sscond target. While
nested PCR can incrsase the sensiuvity of PCR, it also
increases the likelihood of falss-positive rsactions.

esults from studies using nested PCR may vary con-
siderably from thoss that utilize non-nested PCR.




Quantitative PCR (using Tagman) is increasingly
being applied to CSF, and occasionally to tissuss. The
technique involves the use of internal oligonucleotides
— labeled at one end with a fluorsscent dye and at the
other end with a quencher dye — along with the PCR
primers during amplification. Fluorescence emitted dur-
ing PCR is measured and dirzctly correlatad to the num-
ber of copies of the target.

The ability of PCR to generate and amplify a high
number of DNA strand copies from the original sample,
which may contain as few as 1 to 10 copies of the target
DNA, is both its greatest virtue and greatest limitation.
The exquisite sensitivity of the test can easily lead to
false-positive results from amplification of minute
amounts of contaminating DNA. This problem is well-
recognized by experienced laboratoriss, and rigorous
controls are run simultaneously with the clinical sam-
ples, using all reagents except the unknown specimen to
insure that the reagents do not harbor contaminants.
Dedicated work areas and separate rsagents used exclu-
sively for PCR testing, frequent glove changes, and test-
ing in laminar flow hoods alleviate false-positives.
False-negative test results due to deterioration of the
original sample specimeg, incorrect heating of the sam-
ple, or use of incorrect proportions of the various mix-
ture reagents are more easily rectified.

PCR works very well on biopsy or autopsy tissues
frozen soon after removal from the body; DNA can be
amplified by PCR even when tissues are stored for sev-
eral years at -80°C. Although one of the greatest assets
of PCR is that it can also be used on archival, formalin-
fixed, paraffin-embedded tissue samples, yields of
extracted DNA are usually less from fixed than from
fresh tssues. Extraction of target DNA involves
removal of the wax with several rounds of xylene
immersion and centrifugation, and the procedure itself
may slightly diminish the DNA yield from fixed tissues.
The DNA yield from fixed tissues may also be reduced
due to cross-linking after prolonged fixation (several
yaars), or in association with use of osmic acid or other
fixatives. Both fresh-frozen and fixed tissues must be
digested with proteinase K prior to performing the PCR
techniques described above. The protocol for extraction
of DNA is described in the commercial kit literaturs
(DNeasy Tissue Kit Handbook, Qiagen, 28139 Avenue
Stanford, Valancia, CA, 913353, USA).

PCR of CSF
One of the most successful applications of CSF PCR
15 in ths diagnosis of viral nervous system infections (8,

~

67, 88). PCR is preferable to ssrological testing, which

usually requires 2-4 weeks after acute infection to revea]
an antibody response. In contrast, CSF PCR yields pos-
itive results during acute infections, when the amount of
replicating virus is maximal. Unlike traditional culturs
methods that may show negative results after the patient
receives sven small doses of antimicrobial drugs, CSF
PCR retains its sensitivity after short courses *of antivi-
ral therapy (24). This allows the rapid start of empiric
therapy when the patient initially presents with suspect-
ed meningits or encephalitis, without potentially com-
promising the definitive diagnostic test. CSF PCR is
also ideal for patients in whom brain biopsy is con-
traindicated clinically, such as patients with advanced
acquired immunodeficiency syndroms (AIDS) (22).

Positive CSF PCR testing indicates the presence of
viral DNA and is a marker of recent or ongoing active
viral infection. Despite the high prevalence of seroposi-
tivity to HSV in the population and the fact that the virus

ecomes latent in multiple ganglia of most humans,
HSV DNA is not detected in CSF of HSV-seropositive
individuals without neurological disease or with other
types of inflammatory non-HSV CNS infections (82). In
general, a positive CSF PCR for viral DNA indicates a
CNS infection by that particular pathogen, especially in
an immunocompetent individual (82). A possible excep-
tion might arise from a breakdown of the blood-brain
barrier (e.g., in severe bacterial meningitis), or contam-
ination of the CSF with blood, resuling in a positive
CSF PCR in the absence of viral infsction (82).
However, in one very receat study that addressed this
problem, false-positive CSF PCR results for her-
pesviruses were not seen in any of 10 control patients
with bacterial meningitis, despite high CSF white cell
counts (73).

Replicating virus and viral DNA do not persist indef-
initely, so that the CSF PCR test becomes negative over
time, especially in immunocompetant patients. While
most CSF testing in the clinical setiing of suspects
meningitis or meningoencephalomyelitis is performed
within 1-2 days following onset of neurological symp-
toms, positive test results at least 2 and up to 4 weeks
after onset of clinical disease have been recorded (83).
False-negative tests can occur if PCR inhibitors are
present in the CSF, such as hemoglobin products result-
ing from breakdown of red blood cells. Howavar, mod-
est xanthochromia does not negatively impact CSF PCR
testing, nor does high CSF protein level or white blood
cell count (24).

CSF PCR testing is optimally performed on fresh
samples. However, DNA is more stable than RNA, and

o

usually refrigeration for a few hours or zven days does
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not appear to significantly reduce the yield of the test
although this has not been rigorously studied (24). In
order to avoid cell lysis that liberates viral DNA into the
supernatant and effectively dilutes the sample, CSF and
body fluids for PCR should not be frozen prior to ship-
ping. Optimally, samples are shipped overnight at room
temperature, centrifuged, and the pellet examined for
virus-specific DNA. The exquisite sensitivity of the
technique implies the need for only small volumes of
CSF for analysis (i.e. 30 wl) although laboratories gen-
erally request at least 0.5 ml.

Occasional immunocompetent or immunocompro-
mised patients reveal more than one herpesvirus on CSF
PCR, and EBV has been the most frequent agent associ-
ated with a dual positive result (73). In a large series of
662 patients, mostly immunocompetent, detection of
HHV-6 and EBV by CSF PCR did not correlata clini-

, cally in several individuals with the presence of a CNS

infection known to be caused by that virus (75). In con-
trast, detection of HSV-1, HSV-2, CMYV, and VZV DNA
correlated strongly with specific clinical syndromes of
encephalitis/myelitis and meningitis (73). Similarly, in a
large study of HIV-infected individuals, conducted to
assess the diagnostic reliability of CSF PCR by compar-
ison with biopsy or autopsy diagnoses, the most fre-
quent false-positive herpesvirus detectsd was HHV-6
(19). In this study, seven of the 219 patients with corre-
sponding tissue samples lacked histological evidence of
a CNS disease that could be attributed to their HHV-6
DXNA detected by CSF PCR (19). Additional large stud-
les are necessary to determine the extent of false-posi-
tive PCR results for herpesviruses, especially HHV-6
and EBV.

Occasional false-negative and false-positive CSF
PCR results for CMV have been seen in AIDS patients.
In AIDS patients, CSF PCR detected HSV-1 or HSV-2
in all six cases (100%) of histologically confirmed HSV
encephalitis, comparad to 37 of 435 cases (82%) with
CMV infections of CNS (19). An earlier study had sug-
gested that a CSF PCR positive for CMV DNA correlat-
&d strongly with systemic CMV infections but not with
CMYV brain infections in AIDS patients at autopsy (1).
Recent studies employing quantitative CSF PCR for
CMV have indicated that AIDS patients with autopsy-
confirmed CMV encephalitis harbor significantly higher
lzvels of viral genome than do those with symptoms
unrelated to CMV (91). These studies suggest the use-
fulness of quantitation in clarifying the clinical rele-
vance of a positive CSF PCR result for CMV in AIDS
patients (6). Despite these difficulties, CSF PCR for
CMV has been used to monitor the sfficacy of antimi-

crobial therapies and clearance of CMV viral burden in
AIDS patients (16). Qverall, CSFPCR testing has been
ruciel in diagnosing herpesviruses nervous system
infections in AIDS patients and a positive CSF PCR
result for herpesvirus in the majority of patients corre-
sponds to CNS infection by that pathogen, just as it does
In immunocompetent patients. CSF PCR has the poten-
tial to identify infections in AIDS patients who may not
mount a classical serological responss to viral infection
or demonstrate protracted clinical manifestations (37).

CSF PCR testing has played a critical role in estab-
lishing the frequency and distribution of herpesvirus
infections in immunocompetent populations. In the
study by Studahl et al., 87% of patients with herpesvirus
DNA detected in CSF were immunocompetent, with
HSV-1 identified in 18 patients, EBV in 16, HSV-2 in 9,
CMV in 7, HHV-6 in 6, and VZV in 6 of 69 positive
patients (73).

The sensitivity and specificity of CSF PCR exceeds
95% for HSV encephalitis (55, 88). For HSV-1, the
existing standards to which CSF PCR results are com-
pared, such as brain biopsy, are actually less sensitive
than PCR (55). Hence, CSF PCR has dramatically
reduced the nesd for brain biopsy as a diagnostic test,
CSF PCR has also led to the identification of mild or
atypical forms of HSV encephalitis that were formerly
attributed to other viruses, often in the absence of brain
biopsy (26, 30), and that may account for 17% of total
cases of HSV encephalitis (30). CSF PCR has estab-
lished the diagnosis and role of HSV-1 in brainstem
encephalitis (84), myelitis (73), multifocal or diffuse
encephalitis without temporal lobe involvement in chil-
dren (71), and neonatal encephalitis (73). HSV
encephalitis in children may relapse after therapy, and
CSF PCR has been used to identify the subset of chil-
dren in which HSV viral DNA reappears (43, 49).
Quantitative CSF PCR may also provide valuable infor-
mation in cases of pediatric HSV encephalitis in moni-
toring response to antiviral drugs (4)

CSF PCR has helped clinicians to recognize that
HSV-2 can canse aseptic meningitis 2ven in the absznce
of genital herpetic lesions (72), and has established
HSV-2 as the most common cause of benign recurrent
lymphocytic meningitis, including many cases previ-
ously diagnosed as Molleret’s meningitis (79). Even
when CSF viral cultures are negative, CSF PCR is pos-
1tve in patients with recurrent episodes of meningitis
following an initial episode of herpes simplex meningi-
tis (79). CSF PCR has illustrated that immunocompetsnt
adults may manifest HSV-2-induced menin goencephali-
tis as well as meningitis (735). CSF PCR has identified
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rare cases of HSV-2 brainstem encephalitis and recur-
rent thoracic myelitis (63).

CSF PCR testing has been found to be nearly 100%
specific and sensitive as a tumor marker for EBV-relat-
ed CNS lymphoma (18, 19, 22, 87), and has changed the
way in which clinicians diagnose CNS lymphoma in
Immunocompromised individuals. In one study of AIDS
patients with CNS mass lesions, a positive EBV CSF
PCR correctly identified all 17 CNS lymphoma cases
and was positive in only 1 of 68 AIDS patients with non-
CNS lymphoma mass lesions (18). CSF PCR for EBV is
also positive during the acute phase of the illness in chil-
dren with infectious mononucleosis and neurological
complications such as transverse myelitis, meningoen-
cephalitis, and aseptic meningitis (88).

A sensitivity of 82% and specificity of 99% of CSF
PCR for detecting CMV CNS infections has been
reported in AIDS patients (16). A sensitivity of 60% for
GSF PCR is cited for congenital CMV infections, and
positive results may correlate with poorer neurologic
outcome in affected infants (81). CMV viral load has
also been monitored in peripheral blood leukocytes as a
method to predict which immunosuppressed patients
might develop a systemic (and CNS) infection (9, 29).

CSF PCR testing has corroborated the role of HHV-
6 in febrile seizures, meningitis, encephalitis, and
encephalopathy in immunocompetent and immunocom-
promised individuals (48, 92). HHV-6 genome has been
demonstrated in CSF from up to 37% of children
younger than one year of age who have febrile seizurss
,and has also been seen in children with recurrent febrile
convulsions (92). The role of HHV-7 in neurological
disease is unclear, although detection of HHV-7 DNA in
CSF and serum of children with exanthem subitum and
encephalopathy has been reported (80, 85). Encephalitis
in immunocompromised individuals associated with
HHV-8 has been describzd (68), but this awaits addi-
tional confirmation. HHV-8 DNA has been detected in
primary CNS lymphomas in some studies (20) but not
others (5). In the study in which HHV-8 was detected,
the virus was surmised to play an indirect role in the
development of primary CNS lymphoma, and was
thought to be present in the adjacent non-neoplastic
lymphocytes but not the lymphoma cells (20).

CSF PCR for VZV has considerably broadened the
understanding of the neurologic complications due to
this virus (3, 8). VZV, along with EBV, displays the
most protean manifestations of nervous system infection
of any of the herpesviruses (33, 50, 51). Serological
techniques and CSF PCR for VZV have been particular-
ly helpful in identifying cases of VZV CNS infzctions

without associated rash (sine herpete) (8, 11). Since the
virus can rarely be cultured from CSF, diagnosis of

eningitis or meningoencephalitis previously depended
on the presence of a characteristic vesicular erythema-
tous rash before, during, or after CNS infection, and
VZV-mediated neurologic diseases were under-recog-
nized. CSF PCR for VZV has shown that asepfic menin-
gitis and brainstem encephalitis due to this virus can
oceur in immunocompetent hosts (75). In a study of 514
consecutive HIV-positive patients, CSF PCR for VZV
became negative in patients whose clinical conditions
improved following antiviral therapy and remained pos-
itive despite appropriate therapy in several patients who
subsequently died (17). Hence, CSF PCR for VZV DNA
may have utility in monitoring therapeutic response and
in predicting outcomes. In the same study, several
patients with positive CSF PCR for VZV DNA, but
without clinically recognizable VZV meningoen-

ephalitis, were considerad to have subclinical reactiva-
tion of VZV, treated with antiviral agents and survived.
In those cases, positive CSF PCR was considered to
antedate clinjcal disease and allowed effactive use of
prophylactic therapy (17).

CSF PCR testing for VZV has establishad a role for
the virus in cases of stroke (granulomatous arteritis),
multifocal infarcts, myelitis, and neuritis. CSF PCR has
served as the diagnostic test for large vessel encephali-
tis (also called granulomatous arteritis, herpes zoster
ophthalmicus with contralateral hemiplegia, or simply
stroke with VZV) (62), small vessel vasculopathy
(leukoencephalitis) (3), myelitis (34), and zoster sine
herpete (39). Some of these complications had been pre-
viously linked to VZV but received full confirmation
from PCR testing.

PCR testing of body fluids other than CSF

PCR testing of skin vesicle fivid from patients with
varicella (chickenpox) and zoster (shingles) has identi-
fied VZV in 97% of patients; in traditional viral culture
methods, virus was isolated in only 23% of these same
patients (23). PCR for VZV DNA was positive for vesi-
cles up to 14 days after the onset of the rash, even from
crusted cutansous lesions, compared to culture speci-
mens that were positive only when taken within 5 days
of rash onset (23).

PCR analysis of peripheral blood mononuclear cells
and CSF has furthered our understanding of the patho-
genic mechanism in postherpetic nsuralgia, the most
common complication of VZV reactivation from laten-
¢y in the elderly. Postherpstic neuralgia is characterized
by pain that persists for more than the 4-6 waeks asso-
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ciated with zoster (shingles) (35). The cause of the per-
sistent pain is unknown. Using PCR, VZV DNA was
detected in blood mononuclear cells from 11 of 51 pos-
therpetic neuralgia patients, but not in any of 19 zoster
patients without the persistent pain syndrome or in any
of 11 elderly control individuals without zoster (38).
While it is not possible to examine dorsal root ganglia
— the site of VZV latency (56) — during the life of
these patients, it seems likely that the PCR results reflect
the greater level of VZV present in these ganglia during
pain episodes than during periods of latency. Blood
mononuclear cells may traffic through ganglia during
periods of putative ganglionitis and acquire viral DNA.
Thus, PCR analysis of blood mononuclear cells pro-
vides a window to indirectly assess levels of VZV repli-
cation in deep ganglionic tissues of patients with pos-
therpetic neurzalgia.

PCR on both CSF and fiuid from auricular vesicles
"has confirmed that VZV causes Ramsey-Hunt syn-
drome, the second most common cause of 7th nerve
facial paralysis after Bell palsy (64). Ramsey-Hunt syn-
drome can be difficult to recognize since the rash is hid-

en in the ear or mouth, and rash may be delayed, par-
ticularly in pediatric patients (41). PCR on endoneurial
fluids and posterior auricular muscle samples collected
during decompressive facial nerve surgery for Bell
palsy identified HSV-1 DNA in 79% of patients and sug-
gested that neither EBV or VZV is an important cause of
idiopathic Bell palsy (63). A subsequent study using
PCR identified a subset of patients with acute peripher-
al facial palsy that have zoster sine herpete (33). Acute
facial palsy due to VZV constituted a significant per-
centage of the overall patient population (29%) in that
study, and an even higher incidence of VZV reactivation
(88%) was responsible for the palsy in the patients who
were HSV-seronegative (33). Hence, PCR has verified a
role for herpesviruses in both of the common causes of
facial nerve paralysis and distinguishes which virus is
causative in clinically confusing cases.

PCR testing on blood mononuclear cells has also
impacted patient cars for transplant recipients, AIDS
patients, and other populations at-risk for CMV infec-
tions or EBV-related lymphoproliferative disordars.
Monitoring of CMV viral loads by PCR in blood has led
to prophylactic therapy with antiviral agents in AIDS
and transplant patisnts to prevent systzmic (and CNS)
viral infections (29).

Confirmation of herpesvirus eticlogy in nervous sys-
tem infactions by tissue PCR

PCR testing on fresh, frozen, or archival fixed and
paraffin-embedded tissues has allowed assessment of
viral presence, even from small or imperfectly pressrved
specimens. Tissue PCR of cerebral arteries has estab-
lished a dirsct role for VZV in cases of large vessel (62)
and small vessel vasculopathy. In a patient with waxing
and waning VZV vasculitis, detection of VZV DNA by
PCR led to the discovery that VZV antigen was also
present, indicating a productive infection in blood ves-
sels as the cause of disease (36). Brain tissues may be
positive for VZV DNA by PCR even when virus is no
longer detectable by other methods, such as light
microscopy for viral inclusions, immunohistochemistry,
or in situ hybridization (52).

VZV latency in human sensory ganglia was original-
ly demonstrated with Southern blotting by Gilden ez al.
(38) and was later confirmed by PCR (59). More recent-
ly, PCR techniques have been used on dorsal root gan-
glionic tissues to address the important question of
whether neurons, satellite cells, or both harbor latent
virus. PCR combined with in situ hybridization on sort-
ed neuronal and non-neuronal cells fractions showed
that latent VZV resides primarily, if not exclusively, in
neurons at a level of two to five viral copies per latently
infected neuron (54). ) :

Our laboratory has used PCR to address the role of
subclinical reactivation of VZV. Understanding the
extent of viral burden in transplant recipients may help
in monitoring their response to the doses of prophylac-
tic antiviral agents currently being utilized. Quantitative
PCR applied to autopsy trigeminal ganglia to assess
VZV DNA burden in transplant recipients at risk for
reactivation demonstrated an average of 119 copies of
VZV DNA/pg of total ganglionic DNA, compared to an
average of 71 copies in controls (B.K. Kleinschmidt-
DeMasters, R. Mahalingam, unpublished data). These
results suggest an increased viral burden in transplant
recipients despite “optimal” antiviral prophylactic ther-
apies. Future studies are nseded to determine the clini-
cal and statistical significance of the increased viral load
in a larger number of transplant recipients, as well as the
extent of host inflammatory response and viral antigen
production, if any.

Exclusion of herpesvirus etiology in nervous system
dissase by tissue PCR

Given the protean manifestations of herpesvirus-
mediated infections of the central and peripheral nerv-
ous system, efforts have been made to detect these
viruses by PCR on fissues from several disease entities
characterized by arteritis and/or infammation. PCR
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testing of various tissue specimens has suggested that
VZV is not the cause of giant cell arteritis (66) and has
shown no role for VZV, CMYV, EBV, or HSV in child-
hood multifocal encephalomalacia (89). PCR also sug-
gests that HSV is not the cause of Meniere’s disease
(90). A survey of a variety of normal and disease periph-
eral nerve conditions, including inflammatory peripher-
al neuropathies, revealed no HSV DNA by PCR in
peripheral nerves (76), thus excluding a role for this her-
pesvirus in several disorders with a plausible viral etiol-
ogy.

Questionable herpesvirus etiology in nervous sys-
tem disease despite positive tissue PCR

Positive PCR on tissues from patients without defi-
nite clinicopathologic evidence of infection is difficult
to interpret. For example, the HSV genome is present in
brain tissues from both controls and patients with a vari-
ety of neurologic diseasas (7), so that assignment of a
role for this herpesvirus in a disease condition is espe-
cially problematic. Positive PCR results on tissues have
been most challenging to interpret in patients who might
not manifest classic clinical features of infsction, but
who exhibit tissue inflammation, such as putative chron-
ic herpes simplex encephalitis in children (47),
Rasmussen encephalitis (46, 86), and multiple sclerosis
(MS) (69). Also problematic are positive PCR results in
tissues from certain other non-inflammatory seizure dis-
orders (28, 70), Alzheimer’s disease (44, 43, 60), and
brain tumors (14, 21).

Jay et al. identified HSV DNA in surgical resection
tissues of pediatric patients with remote, antecedent
clinical histories of HSV-1 encephalitis, subsequent
Intractable seizure disorders, and chronic encephalitis
(47). That study described 3 pediatric patients whose
brains revealed microglial nodules, lymphocytic infil-
trates, and gliosis, but negative immunohistochemistry
and electron microscopy for virus (47), suggesting that
the HSV genome was present but that infectious virus
was not being produced or produced only at extremely
low levels. It remains unclear whether the chronic
inflammation was a result of persistent low-grade viral
rsplication or an imrmune response to prior infection.
HSV DNA detection might reflect either the presence of
latent virus no longer responsible for the encephalitis or
the presence of herpesviruses that “simply accumulate
in CNS with the passage of time,” a possible explana-
tion for some positive tissue PCR results offersd by
Vinters et al. (86). Clinicopathologic fsatures in
encephalitic cases such as these do not help clarify the
interpretation of positive PCR results.

Identification of viral genomes in patients with
Rasmussen encephalitis has been similarly problematic.
Jay et al. detected CMV and HSV genomic sequences in
10 patients with intractable seizures and chronic
encephalitis, and several controls (46). In another study,
PCR revealed small amounts of CMV and EBV DNAin
6 patients with Rasmussen encephalitis (86).
Comparison of the PCR signal strength for the CMV
and EBV DNA found in the Rasmussen encephalitis
cases to that in controls (AIDS patients with document-
ed CMV encephalitis or EBV-driven CNS lymphomas,
respectively) revealed considerably lower amounts of
viral nucleic acid in Rasmussen encephalitis patients
than those in patients with diseases known to be caused
by these viruses (86). The authors suggested that EBV
and CMV did not directly cause Rasmussen encephali-
tis, but could not rule out an indirect role for these her-
pesviruses. The issue of viral etiology versus autoim-
munity in Rasmussen encephalitis has recently been
reviewed (40). Greenlee and Rose note that virus has
never besn cultured from brain tissues of Rasmussen
encephalitis patients and conclude that “at the present
time, there is no convincing evidence for a viral etiolo-
gy” for the disease (40).

PCR has also identified HSV DNA in brain samples
from other non-inflammatory types of epilepsy patients
(70), but methodology and selection of controls in that
study have been questioned (83). An additional report of
HSV, CMV, and HHV-6 DNA in brain tissues from
young seizure patients (28) awaits corroboration. A
higher than expected prevalence of HSV genomic mate-
rial in brain tissue from patients with Alzheimer’s dis-
ease has been reported by some investigators (44, 43),
but could not be confirmed by others (60).

Unlike the situation for HSV DNA, PCR studies
have not demonstrated VZV DNA in autopsy brain tis-
sues. Liedtke er al. detected VZV in only 1% of olfacto-
ry bulbs (56). VZV DNA was not detected by PCR of
temporal lobe cortex from any of 8 schizophrenic
patients, 8 non-schizophrenic svicide victims, or 8 nor-
mal control subjects (2). In a study using frozen brain
tissue from 31 schizophrenic and 23 control subjects, no
CMYV, EBV, HSV-1, VZV, or HHV-6 was detected (77).
No VZV DNA was found in brain from either
Alzheimer’s disease patients or normal age-matched
controls (57). Only one group has reported detection of
VZV DXNA, as well as many other herpesviruses (HSV,
EBV, CMV, HHV-6), in a significant percentage of both
multiple sclerosis and control brains (69). Others have
not reproduced these rasulis.
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The presence of low copy numbers of CMV and EBV in
immunosuppressed patients and in patients with
Rasmussen encephalitis suggests that quantitation of
viral load in tissues or CSF may further assist in identi-
fying disorders directly caused by productive infection
by these viruses. Finally, the very recent identification
by tissue PCR of HHV-6, HHV-7, and HHV-8 genomic
sequences in normal and neoplastic brain awaits further
studies to establish whether these lymphotropic viruses
are latent in cells of the CNS.
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The presence of low copy numbers of CMV and EBV in
immunosuppressed patients and in patisnts with
Rasmussen encephalitis suggests that quantitation of
viral load in tissues or CSF may further assist in identi-
fying disorders directly caused by productive infection
by these viruses. Finally, the very recent identification
by tissue PCR of HHV-6, HHV-7, and HHV-8 genomic
sequences in normal and neoplastic brain awaits further
studies to establish whether these lymphotropic viruses
are latent in cells of the CNS.
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TRAIL (TNF—reIated apoptosiS-inducing ligand) induces
N
apoptosis m\susceptlble cells by bmdmv to death
receptors 4 (DR4) ahd_5 (DR3). TRAIL preferentxally
induces apoptosis ii-transformed cells and the identifica-
tion of mechanisms b‘y\’/which TRAIL-induced apoptosis
can be enhanced may lead to novel cancer chemother-
apeutic strategies. Here we show that reovirus infection
induces apoptosis in cancer cell lines derived from human
breast, lung and cervical cancers. Reovirus-induced
‘.poptosxs is mcdxated by TRAIL and is associated with
the release of TRAIL from infected cells. Reovirus
infection synergistically and specifically sensitizes cancer
cell lines to killing by exogenous TRAIL. This
sensitization both enhances the susceptibility of pre-
viously resistant cell lines to TRAIL-induced apoptosis
and reduces the amount of TRAIL needed to kill already
sensitive lines. Sensitization is npot associated with a
detectable change in the expression of TRAIL rceceptors
in reovirus-infected cells. Sensitization is associated with
an increase in the activity of the death receptor-
associated initiator caspase, caspase 8, and is inhibited
by the peptide IETD-fmk, suggesting that reovirus
sensitizes cancer cells to TRAIL-induced apoptosis in a
caspase 8 dependent manner. Reovirus-induced sensitiza-
tion of cells to TRAIL is also associated with increased
cleavage of PARP, a substrate of the effector caspases 3
and 7. Oncogene (2001) 00, 000-000.

Keywords: apoptosis; TRAIL; reovirus; caspase $;
chemotherapy

Introduction

TNF-related apoptosis-inducing ligand (TRAIL, also
called” Apo2L) belongs to a family of structurally
related molecules, which also includes TNF, Fas ligand
(FasL), and APO3 ligand. These ligands are expressed

*Correspondence: KL Tyler, Department of Neurology (B 182),
University of Colorado Health Sciences Center, 4200 East 9th
Avenue, Denver, Colorado 80262, USA; E-maik: Ken. Ty]ﬂw@uchsc sdu
Rf-ccxved 2 Tune 2007; revised 16 July 2001; accepted 16 Tuly 2091

as type II membrane proteins that are cleaved into
soluble, active forms and which bind to members of the
TNF receptor. super-family. Ligand-mediated receptor
activation triggers a cascade of events that begins with
eath receptor (DR) oligomerization and the close
association of their cytoplasmic death domains (DDs).
This is followed by DD-associated interaction with
adapter molecules and cellular proteases critical to DR-
induced apoptosis, including the initiator caspase,
caspase § and its associated effector caspases, caspase
3 and 7 (reviewed in Ashkenasi and Dixit, 1998). In
addition to activating caspase 8, TRAIL-induced
apoptosis is also associated with the cleavage of Bid
and the loss of mitochondrial potential (Belka et al,
2001). TRAIL induces apoptosis by binding to the
TNF super-family members DR4 (also called TRAIL-
R1) and DR5 (also called Apo2, TRAIL-R2, TRACK?2
or KILLER). TRAIL can also bind to the receptors
DcR-1 (for Decoy Receptor 1) and DcR-2 that do not
transmit apoptotic signals and can prevent the
induction of apoptosis in TRAIL-treated cells.

Many cancer chemothvrapeutic drugs in clinical use
induce apoptosis in sensitive cslls suggesting that

eath-receptor ligands might prove useful as cancer
therapeutic agents. Unfortunately, the apoptosis-in-
ducing ligands FasL and TNF are also toxic to non-
transformed cells (Nagata, 1997). TRAIL induces
apoptosis in a variety of transformed cells (Wiley et
al., 1995; Pitti et al., 1996), including cells derived from
lung, reast, colon, kidney, brain and skin cancers
(Ashkenazi et al,, 1999) and is effective at reducing
—qamma.’y aaenoca; cinoma growth in mice (Walczak et

;- 1999). Although normal cultured hepatocytes do
snow some sensitivity to TRAIL-induced killing (Jo et

2000), this toxicity can be overcome by simulta-
neous exposure to the caspass inhibitor, Z-LEHD-
FMK (Ozoren ef al., 2000).

TRAIL kills cancer cells derived from a variety of
human cancers of diverse type. However, cancer cells
of all types appear to differ in their sensitivity to
TRAIL-induced apoptosis (Keane e al, 1999; Zhang
et al, 1999) Understanding  the basm of TRAIL
senslmuy is thus crucial in designing TRAIL-based
cancer therapeutic strategies. TRAIL induced apopto-
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sis is dependent, in part, on the !s,}irface expression.of
its receptors (Zhang et al., 199?_;);:31331 agents which
increase the cell surface expression. 6f”DR4 and DRS
enhance TRAIL-induced killifZ>in” sofie epithelial-
derived tumor cells (Gibson\eﬁ»c‘gg,«’zOOO)i Alteration in
receptor expression, howewsrndoes not“fully explain
TRAIL sensitivity (Keangrepydl.,, 1999; Zhing eral.,
1999; Cuello et al., 2094«)};\‘::7 s AN

Reovirus infection iddtéss apoptosis imcyltised cells
in vitro (Tyler et q”l?’;\ 1985, 1995, { 1996). Mpoptosis
occurs through af7p53independent\ méchafism that
involves cc]]ulap:Z’DI;‘pteases inelfa-dig;-"xcasp{ses and
calpains (DeB] et al, 1’,.’1’1%99»){ Reovirus-induced
apoptosis in"HEK293 cells] s, mé\dl;at’sed by TRAIL
and is injﬁﬁitéd by anti-TRATL .anfibodies or by
soluble {drmis, of DR4 andyDRS_(Clafke ef al., 2000).

covifus™infeetion réslilisiin the release of TRAIL
from,_infécted JHEK293cells. and reovirus sensitizes
these-ells to” TRAID-indheedkilling (Clarke et al.,
2000). In/nebnatal / mice, “reovirus also induces
apoptosis i\ﬁ'»,i\gfé‘c{eﬁd’ tissues in vivo (Oberhaus et al.,
1997, 1998; DeBiasr™er al., 2001). However, reovirus
infection is not ;f?ssqpiated with significant disease in
adult mice or in hlfmans. Reovirus infection may
therefore provide a useful model system for investiga-
tions of TRAIL-induced apoptosis in cancer cells and a
better understanding of how reovirus infection sensi-
tizes cancer cells to TRAIL-induced cell death may
suggest novel mechanisms for increasing the efficacy of
TRAIL as a cancer therapeutic agent.

Reovirus has previously been shown to induce killing
of human glioblastoma cells in vizro as well as inducing
regression of transplanted tumors in mice, although the
mechanism for reovirus-induced ‘oncolysis’ has not
been fully identified (Coffey ez al., 1998; Strong et al.,
1998). We now show that reovirus kills cancer cells by
apoptosis and that this apoptosis is both mediated by
TRAIL and is associated with the release of TRAIL
from infected cells. We further show ‘that reovirus
specifically sensitizes cancer cell lines to TRAIL-
induced apoptosis and that this sensitization requires
the activation of caspase 8 and is associated with
increased activity of effector caspases.

Results

Reovirus and TRAIL induce similar amounts of apoptosis
in human cancer cells

It has been reported that reovirus can infect and kill
cancer cells (Coffey et al., 1998; Strong et al., 199§). Our
previous work in tissue culture has shown that reovirus-
induced killing of many types of nen-cancerous calls
(Tyler et al., 1983, 1995, 1996) and of cells derived from
a human cervical carcinoma (HeLa cells) is due to
apoptosis. We therefore wished to determine whether
reovirus induced killing of other cancer cell lines was
due to apoptosis. Cell lines derived from two diferent
human lung (A1357 and H3549) and breast cancers
(MDA23] and ZR75-1) were infected with reovirus
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(multiplicity of infection, MOI 100) and were harvested
and assayed for apoptosis at 48 h post infection. We
first assayed apoptosis by determination of the
percentage of cells with apoptotic nuclear morphology
(Figure la). The specificity of this assay for the
etection of apoptotic nuclear morphology in reo-
virus-infected cells has been previously established by
our laboratory using DNA laddering techniques and
electron microscopy (Tyler ef al., 1995). HeLa cells,
which have previously been shown to be susceptible to
both reovirus-infection and reovirus-induced apoptosis
(Connolly et al., 2000), were used as positive controls.
Reovirus induced significant (P <0.05) apoptosis in all
of the cancer cell lines tested, but with different degrees
of efficiency. HeLa, A549 and MDA231 cells were the
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Figure 1 Reovirus induces apoptosis in human tumor cell lines.
(2) Cell lines derived from human cervical (HeLa), lung (HI57
and A349) and breast (MDA MB23] and ZR75-1) cancers were
infected with reovirus (MOI 100) and were harvested and assaysd
for apoptosis at 48 h post infection. In a paralle] experiment cells
were treated with TRAIL (200 ng/ml). The graph shows the mean
per cent apoptosis in reovirus (black bars), mock-infected (clear
bars) and TRAIL-treated (shaded bars) cancer cells from at least
thres separate experiments. Error bars represent standard errors
of the mean. (b) Caspase 3 activation in reovirus (MOI 100)
compared (o mock-infected cancer cell lines, at 24 h post
infection, as determined by fluorogenic substrate assay. The
graph shows the mean fold-increase in fluorescence from at least
three separate experiments. Error bars represent standard errors
of the mean. (¢) One step growth curves of reovirus in human
cancer cell lines used. Cells were infected with reovirus and were
harvested and assaysd for growth at 24 and 48 h post infection.
The graph shows Log,o virus yield over time




most susceptible to reovirus-induced apoptosis whereas
H157 and ZR75-1 cells showed thie least susceptibility.
These differences were not caused %@y:d;iﬁ"ez;gnces in viral
growth since one-step growth/:,féu;‘v”és ,i'n(z‘iciuted that
reovirus grows efficiently an&i;sq@éﬂenﬂ;i irrall the cell
lines (Figur'e. lf:). o S \\ '
The sensitivity of cells fg reovirus-induced 2poptasis
was compared to thei};ﬁe};ﬁi«t‘wity to ,TRiAI«klxl‘dgc?cd
apoptosis. Cells were, %Elé'_él}éd with ;(59~‘n‘g,(1}11 JTRAIL
end assayed for apoptosis after 24 h. Alk but one

L, ™.

(ZR75-1) of thgf?\cglll' lines tested “denjostrated

significant sensi.tei«\?“i\t;\,‘_'} (P< 0.05)—to., TRAIE induced
apoptosis (Fig_u%fej}a). A si ’qiﬁo@gf\correlation was
shown betweeh the sensitivity of these icancer lines to
eovi‘rus—‘n@ic:e@? and TR.,{&IIE,-iﬁHuggd apoptosis (Pear-
son linghrJeorrelation [ tést:™correlition coefiicient
®) =’fQ«9u15"§3¥ cocrﬁq%gfft \ of determination (R
$qI= 0.“8}3;80, P/\‘ﬁ"ﬁre\h(}-.i_ailé}i)\0.029 n.

To.eoufirm” that, reovirtszinguced killing of cancer
cells was due tq ap%gﬁosis we'investigated the activity
of the apoptogis-s‘ﬁe{ciﬁc effector caspase, caspase 3, in
reovirus-infecte‘d\cel'ls-.‘ Reovirus infection induced a
twofold or more zt‘ct_ivatfion of caspase 3 in all of the
cell lines tested except for ZR75-1 cells. The smaller
increase in caspase 3-activation (1.3-fold), seen in
ZR75-1 cells corresponds to the low level of apoptosis
induced in these cells following reovirus infection
(Figure 1b).

Reovirus induced apoptosis is mediated by TRAIL

Reovirus induced apoptesis of HEK 293 and 1929 cells
reqiires the binding of TRAIL to the apoptosis-
inducing cell surface receptors DR4 and DRS (Clarke
et al., 2000). Soluble TRAIL receptors (Fe:DR4 and
Fc:DRS5), but not soluble TNF receptor (FcTNFR),
specifically inhibit TRAIL-induced apoptosis by bind-
ing TRAIL and preventing its interaction with
functional cell surface DR4 and DRS (Clarke ef .,
2000). We wished to determine whether reovirus-
induced apoptosis of cancer cell lines was also

ediated by TRAIL. Human lung, breast and cervical
cancer cell lines were infected with reovirus (MOI 50),
in the presence or absence of soluble TRAIL receptor
(Fe:DR5) or a soluble control receptor (Fe:TNFR),
and assayed for apoptosis 48 h following infection with
reovirus. Reovirus-induced apopiosis in all of the
cancer cell lines, except ZR75-1, was significantly
inhibited (2<0.05), by treatment with Fc:DR3, but
not by Fc:TNFR, indicating that apoptosis in these
cells is mediated by TRAIL (Figure 2a). In the case of
ZR75-1 cells, the low basal Jevel of reovirus-induced
apoptosis may have precluded the determination of a
significant Jevel of inhibition.

To further demonstrate the involvement of TRAIL
in reovirus-induced apoptosis we next showed that
reovirus-induced apoptosis could be inhibited in a cell
line that stably over-expresses the anti-apoptotic
TRAIL receptor, DcR-1. MDA-231 cells were trans-
fected with a vector expressing DcR-1 and enhanced
cell surface expression of DeR-1 was determined by
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Figure 2 Rezovirus induced apoptosis of cancer cells is inlibited
by soluble TRAIL receptor (Fc:DR3) or the over-expression of
DcR-1 and is associated with the release of TRAIL from infected
cells. (2) Human cancer cell lines were infected with reovirus
(MOI 50), in the absence (black bars) or presence of soluble
TRAIL receptor (Fe:DRS, shaded bars) or a soluble control
receptor (F:TNFR, grey bars) and were assayed for apoptosis
48 h following infsction with reovirus. (b) MDA231 cells over-
expressing DeR-1 (MDA231DcR-1) and MDA23] cells expres-
sing vector control were infected with reovirus. F orty-cight hours
following infection cells were harvested and assayed for the
presence of apoptotic nuclear morphology. (c) Twenty-four hours
following infsction of cells with reovirus (MOI 100) the super-
natant was collected and transferred onto a TRAIL-sensitive
indicator cell line (HeLa). After a further 24 h the indicator cells
were assayed for apoptosis. Empty bars represent supernatants
from mock infected cells, black bars represent supernatants from
reovirus infected cells, grey bars represent supernatants from
reovirus infected cells that were treated with Fe:DRS to determine
that the apoptosis seen in the indicator cell line was TRAJIL~
specific and shaded bars represent supernatants. from reovirus
infected cells that were treated with anti-reovirus antibody to
ensure that apoptosis in the indicator csll line was not due to any
reovizus present in the transferred supernatant. The graphs (a, b
and c) show per cent apoptosis from thres separate experiments.
Error bars represent standard errors of the mean

flow cytometry (data not shown). These cells were then
iniected with reovirus (MOI 100) and assayed for
apoptosis after 48 h (Figure 2b). Over-expression of
DcR-1 significantly (P<0.01) inhibited reovirus-in-
duced apoptosis in MDA-231 cells, when compared
to MDA-231 control cells” transfected with empty
vector, again indicating that TRAIL plays a key role
in reovirus-induced apoptosis.
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TRAIL is released from reovirus irfected cancer cells

TRAIL is nounally expressed asf Jype II membrane
protein that is cleaved into a{'solublﬂ f;o’{m We have
p;cvxously shown that TRA‘IIJ} is 1{:1“&5‘@1 from
reovirus-infected HEK293 cei\s»(Clnke ot az\voOO)
We next investigated whether” TRAIL Wwds<relFased
from reovirus- 111fectedf»c3n\ccl cells 11&6““16\51113
natant. Twenty-four_ { Hofns Iollovyxnvﬂmccuo*z of
cancer cells with reoyi; Fisthe sup°rnat;fnt was collvctea
and transferred offfo ayTRAIL-sensitiveindicdtor cell
line (FHeLa). Aftm:\mnhex 24-h-. the-\mdxcuox cells
were assclyed o5} apoot051s /—SJ“IHHC&DT. apoptosis
(P<0.05) wx mduc mf t‘he 111910 ator cell line
following t;;camm nt with, sup ernagant/collected from
rvovnrus,uu cted, but not}from mock-infected Hela,
H157, A529 and MDA%I cells (Figure 2c). This
apopio\m\ was, ’B"Joclwd b;\s‘glublc DR5 (Fc:DR3J)
deCdLm" tlnt the.a c.poptosxs segn in the indicator cells

4,-

following supunat&m transfef . from reovirus- infected

cancer cells® was spﬂcﬁc to TRAIL. Supernatant from
reovirus-infectsd. ZR73-1 cells did not induce signifi-
cant apoptosis in the mdlczuor cell line. A neutmhzmv
polyclonal anti-reovitus antise ra,” that we have pre-
viously shown inhibits virus attachment, neutralizes
infectivity and blocks apoptosis induced by infectious
virus (Tykr et al, 1996), did not block apoptosis
induced in the mdxcatoL cells by supernatant transfer
from reovirus-infected cancer cells. This antibody did
inhibit viral growth and virus-induced apoptosis in
reovirus-infected cancer cells (data not shown) indicat-
ing that the apoptotic effects of infected cancer cell
supernatants are not due to the presence of infectious
virus. :

Reovirus synergisticaily augments TRAIL-mediated
apoptosis in infected cancer cells

Reovirus infection sensitizes HEK 293 cells to TRAIL-
induced apoptosis We next wished to determine
whether reovirus infection also sensitized cancer cslls
to TRAIL-induced ﬂpopLOSIS, and if so, whether this
sensitization was specific for TRAIL- mauced apoptosis
or whether it also occurred with other death-receptor
associated ligands. ZR75-1 and H157 cells, which were
the cancer cell lines that showed the least SLSCCpulbllJty
to TRAIL (200 n(r/ml) -induced apoptosis (Figure 1a),
were infected with reovirus (MOI 10). After 24 h
infected cells were treated with a low dose of TRAIL
(20 ng ml) and apoptosis assays wers performed after a
ru‘thq 24 h. In H157 and ZR75-1 cells neither low
doses of TRAIL (20 ng/ml) or reovirus (MOI 10) alone
induce significant apoptosis compared to untreated
cells (Figure 3a). However, when cells were infected
with reovirus and were then treated with TRAIL the
number of apoptotic cells was smmﬁcaaty increaszd
(P<0.05) when compared to uninfected cells, or to
cells treated with either TRAIL or reovirus alone, The
increase in apoptosis induced by a combination of
reovirus-infection and TRAIL ueatmem was synergis-
tic rather than additive, compared to that scen with
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either agent alone, and the amount of apoptosis seen
with TRAIL and reovirus together was significantly

different from the sum of reo- and 'I‘RAIL—mduced’
apoptosis when each was administered separately. To
confirm that cell death resulting from a combination of
reovirus-infection and TRAIL treatment was due to
apoptosis we also showed that a combination of
reovirus and TRAIL, but not the same doses of

reovirus or TRAIL alone, produced oligosomal DNA

{ragmentation, also known as ‘DNA laddering’ (Figure
3b). -

Reovirus infection also significantly (P<0.05) aug-
mented apoptosis induced in ZR75-1 and H157 cells by
an activating Fas antibody (0.025 g/ml) compared to
cells treated with either the antibody or reovirus alone
(Figure 3c). This augmentation was additive rather
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Figure 3 Reovirus infection syne rgistically sensitizes cancer cells
to TRAIL-induced apoptesis but not to an activating Fas
antibody. (2) H157 and ZR75-1 celis were sither mock- mr’cct»d
or mfected with reovirus (MOI 10). After 24 h cells were treated
with TRAIL (20 ng/ml), an activating Fas antibody (0.025 pg/
ml), or were left untreated. The ﬂr'mhs (a and ¢) show the mean
per cent of apoptotic nuclei in cells from three separate
:‘Apenmm s (error bars represent standard errors of the mea n)
in reovirus-infected TRAIL/Fas antibody treated cells. The gels
(b) show the presence of fragmented DNA in the reovirus-
ifected, TRAIL-treated cells




than synergistic and the amount (%f apoptosis seen with
2 combination of antibody and. TeOVIrus was not
significantly different from thellsiei of reo- and

. . o ps . ..
-antibody-induced apoptosis W'gl)gn*f,.‘e’ach/\if}.s adminis-
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tered separately. This indicates~that %&e\s’ynergxstlc
sensitization of reovirus-inf’@c%@» cells to {;?I‘RA:-H‘J is a
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Reovirus does not augment-doxorubicii-iduled apoptosis

1
Doxorubicin s \,é??‘cﬁhccr therapégt\i\é*u&g/;r{t that
augments TR/}IE}\{;;nduch z;.,popto‘é\x‘s\.m-Doxorubicin
induces apopto;si?*iph treated),c’e}ls?.tg:s demonstrated by
caspase 3 actiyation (Keane et a?gs, }1999) but this
apoptosis _dges/ not ocgur’, through /cellular death
receptorsfe-We wondered Whether réovirus infection
. N AN 3

might tnhajce doxorubiinzinduced, as well as TRAIL—
ind\ugcd‘,g\apop,to‘s”fs“.““ZR?S;l\Ge,l\ls, which are sensitized
to hI"-RWTﬁ-inc‘fuccdxaﬁppté‘sig following reovirus infec-
tion, were/ trc’ated} with différent concentrations of
doxombiciﬁ“\zi‘r B‘fo}lowing reovirus or mock-infection
and were assay‘ed_\fo}‘»—the presence of apoptotic nuclear
morphology after 21‘{111’?116: 24 h. Figure 4a shows that
doxorubicin concentrafions of below 0.5 M did not
induce apoptosis in either infected or uninfected ZR75-
I cells, concentrations of 1-2 M induced around 60—
80% apoptosis in either infected or uninfected cells and
doxorubicin concentrations of 3 M killed 100% of
treated cells. There was no significant diference in
doxorubicin-induced apoptosis in reovirus-infestad,
compared to uninfected cells, at any of the doxorubicin
concentrations tested. We sslectsd concentrations of
0.25 and 0.5 M doxorubicin to further investigate the
effsct of reovirus-infection on doxorubicin-induced
apoptosis. We also investigated the effect of TRAIL
(20 ng/ml) on doxorubicin-induced apoptosis. Cells
were infected with reovirus (MOI 10), or were mock-
infected. Twenty-four hours later cells were treated
with doxorubicin (0.25 and 0.5 M) and/or TRAIL
(20 ng/ml) and were assayed for apoptosis after a
further 24 h. Figure 4b shows that reovirus-infection
does not significantly augment 0.25 M doxorubicin-
induced apoptosis in ZR75-1 cells, compared to cells
treated with 0.25 M doxorubicin alone (similar results
were obtained with 0.5 M doxorubicin, results not
shown). As shown above ZR75-1 cells were sensitized
to TRAIL-induced apoptosis following reovirus infec-
tion. Doxorubicin also avgmented TRAIL-induced
apoptosis in ZR75-1 cells. Similar results were obtained
in H157 celis (data not shown). Thess results suggest
that reovirus infection does not sensitize cells to
doxorubicin-induced apoptosis and supports our fnd-
ing that the sensitization of reovirus-infected cells to
TRAIL is a specific event.

Reovirus infection does not alter the expiression of TRAIL
receptors in cancer cell lines

Having shown that reovirus specifically  auvgments
TRAIL-induced apoptosis we wished to determine the
mechanism by which this occurs. The sensitivity of celis
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Figure 4 Reovirus infection does not sensitize cells to doxo-
rubicin-induced apoptosis. (2) ZR75-1 cells were infected with
reovirus (MOI 10, black bars) or wers mock-infected (shaded
bars). After 24 h cells were treated with increasing concentrations
of doxorubicin and were assayed for apoptosis after a further
24 i (b) ZR75-1 cells were infected with reovirus (MOI 10) or
were mock-infected. After 24 h cells were treated with TRAIL
(T), doxorubicin (D) or a combiration of TRAIL and
doxorubicin (T/D). The graphs show the mean numbers of cells
with apoptotic nuclear morphology from three separate experi-
ments. Error bars repressnt standard errors of the mean

to TRAIL-induced apoptosis is dependent, in part on

the expression of the apoptosis-inducing receptors DR4

and DRS5. We therefore assayed TRAIL receptor
expression in reovirus-infected cancer cells to determine
whether reovirus sensitizes cells to TRAIL-induced
apoptosis by altering TRAIL receptor expression in
infected cells. Gene expression was analysed in mock-
and reovirus-infected lung and cervical cancer cells by
emi-quantitative RTPCR, 12 and 24 h post infection
(Figure 52) and by FACS analysis of cell surface
receptor expression in breast cancer cells, 24 h post
infection (Figure 5b). DR5 mRNA was expressed in all
the cell lines tested and did not alter following infection
with reovirus. DR35 cell surface expression was also
unaltered following infection with reovirus and FACS
analysis of DRS5 staining in mock-infected and
reovirus-infected cells produced identical traces (Figure
5b). The expression of DR4 mRNA is dependent on
cell type. Hela and HI157 cells express DR4 mRNA
whereas A549 cells express very little DR4 mRNA.
However, there is no change in the expression of either
DR4 mRNA (Figure 3a), or of cell surface DR4
(Figure 3b), in cells following reovirus infection. The
expression of neither DeR-1 nor DeR-2 mRNA was
altered by reovirus infection (data not shown).

Taken together these results indicate that reovirus
infection doss not alter TRAIL-receptor expression
and that changes in receptor expression do not
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Figure 5 Expression of TRAIL receptors following reovirus
infection in cancer cell lines. (a) Expression of TRAIL reczptor
mRNA does not change in reovirus infected cells. Lung (A549
and H157) and cervical (HeLa) cancer cells were infected with
reovirus (MOI J00). After 12 and 24 h cells were harvested and
semi-quantitative RTPCR was performed using primers spscific
for DR4, DRS5, DcR-2 and actin. (b) Flow cytomstric analysis of
TRAIL receptor expression in breast cancer cells following
infection with reovirus. MDA231 cells were infected with reoviras
(MOT 100). Twenty-four hours post infection cslls were harvested,
stained and analysed for surface expression of TRAIL receptors
DR4 and DRS35. The unlabeled traces correspond to mock and
reovirus-infected cells stained with an anti FITC antibody

contribute to the capacity of reovirus infection to
sensitize cancer cells to TRAIL-induced killing.

Reovirus-induced sensitization to TRAIL is associated
with an increase in the activity of caspase 8

Since both TRAIL (Muhlenbeck ef al., 1998) and
reovirus-induced (Kominsky et al., submitted) apopto-
sis are associated with the activation of caspase §& we
wished to determine whether caspase § was involved in
reovirus-induced sensitization of cells to TRAIL. As
expected high doses of TRAIL alone (200 ng/ml) and
of reovirus alone (MOI 100) activated caspase 8 in
HI57 cells, as determined by the cleavage of pro-
caspase 8 (Figure 6a). We next looked to see if the
activity of caspase § was increased in reovirus-infected,
TRAIL-treated cells compared to cells treated with
TRAIL alone. We tested the ability of increasing dose
of reovirus (MOI 0, 10, 100) to augment TRAIL-
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Figure 6 Reovirus infaction increases the activation of caspase 8
in TRAIL treated cells and reovirus-induced sensitization of cells
to TRAIL is blocked by an inhibitor of caspase 8 activity. (a)
High doses of TRAIL (200 ng/ml) alone and reovirus (MOI 100)
alone both induce the cleavage of procaspase 8 in H157 cells. (b)
HI157 cells were infected with reovirus (MOI 0, 10, 100). Twelve
hours following infection cells were treated with low dose TRAIL
(20 ng/ml) and were harvested at various times post treatment.
For the detection of caspase 8 activation extracts WEre run on
tricine gels and were probed with antibody directed against pro-
caspase 8. All samples were standardized for protein concentra-
tion using actin (not shown). (¢) ZR75-1 cells were ejther mock-
infected or infected with reovirus (MOI 10). After 24 k cells were
treated with TRAIL (20 ng/ml), or were left untreated, in the
presence or absence of IETD-fmk (50 um). The graph shows the
mean per cent of apoptotic nuclei in cells from three szparate
experiments. Error bars represznt standard errors of the mean

induced caspase 8 activation in cells treated with low
levels of TRAIL (20 ng/ml), that are insufficient to
activate caspase 8 by themselves. HI157 cells were
infected with reovirus and 12 h following infection
were treated with TRAIL (20 ng/ml). Cells were
harvested 0 and 24 h later and extracts were run on
tricine gels and were probed with antibody directed
against pro-caspase 8 (Figure 6b). Pro-caspase 8 was
not cleaved in the presence of low doses (20 ng/ml) of
TRAIL alone but was cleaved in the presence of
TRAIL (20 ng/ml) and reovirus, in a MO]I-dependent
manner (Figure 6b). These results indicate that reovirus
augments caspase 8 activation in TRAIL treated cells.

Having shown that reovirus-induced sensitization to
TRAIL is associated with an increase in the activation
of caspase 8 we next wanted to sea if reovirus-induced
sensitization of cells was blocked using IETD-fmk, a




peptide capable of inhibiting caspase 8 activity. The
presence of IETD-fmk (50 M) sighiificantly (P <0.05)
reduced the ability of reovirus iéo J}Séﬂiﬁ:&ize cells to
TRAIL in both HI137 (data poT shown) and ZR75-1

-

cells (Figure 6c), providi{ng&fgjﬂ er ferdeff‘g’GC that
eovirus-induced sensitizatforineof  cells 1o '\T&AIL

involves a caspase 8-depefidant pathway. S N
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Having shownI.t’l:ﬁrt\:rcovirus~ip.df~a-ee,d\ sensitization to
TRAIL is assotiated with an ,,fﬁ}@itease ‘in the activation
of caspase &veinext looked! to, see "\z,;'h’ethcr there was
an increasg g ‘ ~the activa;i\on\\of‘d\gwr}/stream, efector,
caspapsss{/'11\\reovirus-in-fefqted;\:l" [RATL-treated cells
compdre

i
azft;_o cells t);eﬁ\'t"’ed with TRAIL alone. The
effector™caspases " that ~have been shown to operate
downstrédm ,6f/celslaasc §™are taspases 3 and 7. We
thus examidedd the/ cléavage "6f the caspase 3 and 7
substrate P\}-\;RP}“‘a’g c;tdmonitor of activation of effector
caspases. Cells\w.e\}'c infected with reovirus (MOI 0, 10,
100) and were tréaigd}with TRAIL (20 ngfml) 12k
following infection. After a further 3 h cells were
harvested and probed with an antibody directed
against PARP. Figure 7 shows the disappearance of
PARP (corresponding to its cleavage) in the cell
lysates, following treatment with TRAIL. This was
enhanced when the cells were first infected with
reovirus, indicating that reovirus infection increases
the amount of effector caspase activation in TRAIL-
treated cells.

Discussion

Our results demonstrate that reovirus induces apopto-
sis in a variety of cell lines derived from human

cancers. Apoptosis was determined by the presence of

apoptotic nuclear morphology and the increase in the
activity of caspase 3 in reovirus-infected cells.
Although the 2-3-fold increase in the activity of
caspase 3 that we obtained following reovirus infection
is fairly modest it is typical of results obtained in other
cell lines (Dr D Kominski, personal communication). It
Is unclear to us why reovirus produces such a low leval
N

of caspase 3 activity in infected cells. Possibly, a low
evel of activation over a long period of time is

0 10 100 0 10 100

Reovirus (MOI)

irs pest TRAIL
treatnant (20ng/m!

Figure 7 Reovirus infeetion increases the activation of caspass 3
in TRAIL (reated cells. (a) H157 cells were infected with reovirus
(MOI 0, 10, 100). Twelve hours following infection cells were
treated with low dose TRAIL (20 ng/ml) and were harvested at
various times pest (reatment. Extracts were probed with antibody
directed against the caspase 3 subsirale, PARP. Samples were
standardized for protein concentration using aclin (not shown)
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sufficient for reovirus-induced apoptosis. Alternatively
reovirus may induce increased levels of additional
effector caspases, which contribute to apoptosis in
reovirug-infected cells. Certainly, the cancer cell lines
that we have used show a much higher caspase 3
activity (20 + fold) following TRAIL treatment (results
not shown).

Similar to a recent report that showed that cells that
were resistant to chemotherapy were also resistant to
TRAIL (Cuello e al, 2001), there is a significant
correlation between the sensitivity of the cancer cell
lines to apoptosis induced by reovirus and TRAIL.
Further, reovirus-induced apoptosis is blocked both by
the presence of soluble TRAIL receptor Fc:DR35 and
by the over-expression of DcR-1. These results indicate
that reovirus-induced apoptosis in cancer cells is

ediated by TRAIL. Similar to our .results in
HEK293 cells (Clarke et al., 2000) we now show that
TRAIL is released from all but one of the cancer cell
lines tested following infection with reovirus.

Reovirus-induced. oncolysis has been previously
described (Coffey er al, 1998). Our current results
indicate that oncolysis results from apoptosis and that
TRAIL plays an essential role in this process. Other
viruses may also utilize the TRAIL apoptotic pathway.
For example, HIV infection increases the expression of
TRAIL and sensitizes T-cells to TRAIL-mediated
apoptosis (Jeremias er al, 1998). Modulation of
TRAIL and TRAIL receptor expression also occurs
following infection with human cytomegalovirus (Sed-
ger et al., 1999) and Theiler’s murine encephalomyelitis
virus has been shown to induce apoptosis through a

mechanism involving TRAIL (Jelachich and Lipton,

2001). Previous studies have suggested that other
members of the TNFR death receptor supsrfamily
may also be involved in virus-induced apoptosis.
Alteration of the cell surface expression of Fas may
be involved in virus-induced, or viral regulation of,
apoptosis in cells infected with influenza virus
(Tekizawa et al., 1993, 1993), herpes simplex virus
type 2 (Sieg et al., 1996), bovine herpesvirus 4 (BHV 4)
(Wang e al., 1997), adenovirus (Tollefson et al., 1998)
and human immunodeficiency virus type 1 (HIV 1)
(Conaldi et al,  1998; Kaplan and Sieg, 1998).
Similarly, apoptosis induced by Hepatitis B (Su and
Schneider, 1997), HIV-1 (Herbein et al, 1999), BHV 4
(Wang et al., 1997) parvovirus H-1 (Rayet ef al., 1998)
and Theiler’s murine encephalomyelitis virus (Jelachich
and Lipton, 2001), may involve the TNFR signaling
pathway.

In addition to its capacity to kill cancer cells by
apoptosis, we show that reovirus infection also
sensitizes cancer cells to TRAIL induced apoptosis in
a synergistic manner. H157 dand ZR75-] cells, which
are relatively resistant to TRAIL-induced killing,
became much more susceptible following infection with
reovirus. Reovirus-induced sensitization of cells is
specific for TRAIL and reovirus does not synergisti-
cally sensitize cells to Fas-mediated apoptosis (another
death receptor apoptotic pathway) or to apoptosis
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induced by doxorubicin (a non-death receptor apopto-
tic agent). ' <;7»\ . .

We next investigated the mbchadism by which
reovirus sensitizes cells to TRAAI'D*fh/e 19‘\"5]‘ of TRAIL
receptor expression at the cell, sifdce dges b change
following infection with 1'&@@:1}-5 indicating that up-
regulation of TRAIL rccq@;\ﬁ not the 11Tec"h=zg\113’fn,(,py
which reovirus sensitizes~cells to TRAIE-The sctjva-
tion of caspase § R ?&’er, is ipcfr@a:sed Nin cells
following a combigdatity’ of reovirds-infection and

SN TP .
TRAIL-treatmentﬁ&i‘nﬁ:ared to umnfectedwcg}}s or to

. Smrie, . N >
cells treated wi th-TRAIL or regvirus alone-Caspase 8,
an initiator cashase, activates the_effector caspases 3
o ) s 3
and 7 and weishow that there iis 11181;eased cleavage of

Lo, N "
the eﬂecto_y“fgat pase substrate, NPARP, in reovirus-

ca g4 : s 7

infected £ TRAIL-treated :}cel}s,\_ _comipared to cells
[ « '\ﬁ.‘k .

treated ifh, TRAIL af6né, The role of caspase § in

requirus-jnduced Sensitization._of cells to TRAIL is
su;j‘p(?gg{d? by eur d‘g:m&‘ns.grq\fion that the peptide
IETD-fmlk,Avhich ifthibits caspase 8 activity and blocks
both TRAIL«induted (Yu ef al, 2000) and reovirus-
induced (Clarke_ em al; 2000) apoptosis, blocks
reovirus-induced sengitization to TRAIL. The expres-
sion of DN—FADD,"“V'\’?hich blocks the activation of
caspase §, also blocks reovirus-induced sensitization to
TRAIL in HEK293 cells (results not shown).

The involvement of caspase 8 in reovirus-induced
sensitization of cells to TRAIL suggests that reovirus
ensitizes cells to TRAIL-induced apoptosis by aug-
menting the TRAIL pathway of apoptosis rather than

by activating a second apoptotic pathway. This
suggests that the mechanism by which reovirus

sensitizes cells to TRAIL-induced apoptosis differs
from the recently identified mitochondrial-dependent
pathway by which sodinm nitroprusside (Lezs ef al.,
2001) and ionizing radiation (Belka ez al., 2001)
enhance TRAIL-induced apoptosis. The release of
TRAIL from reovirus-infected cells may contribute to
the increased activation of caspase § in reovirus-
infected, TRAIL treated cells. However, ZR75-1 czlls,
which do not release TRAIL following reovirus
infection, are sensitized to TRAIL-induced apoptosis
following infection with reovirus. This implies that
TRAIL release cannot be the only mechanism for the
increased levels of caspase § activation in reovirus-

-infected, TRAIL-treated cells.

The cleavage of procaspase 8 to its active counter-
part is required for TRAIL-inducad apoptosis. The
caspase 8 homologue, FLICE inhibitory protein
(cFLIP), promotes cell survival by blocking this
reaction and its has been shown that inducers of
the transcription factor NF-xB can upregulate cFLIP
(Kreuz el al, 2001). Although reovirus induces the
activation of NF-xB (Connolly et al., 2000) similar
levels of expression of the cellular mhibitor of
caspase 3 activation (FLIP) were observed in
reovirus-infected, TRAIL-treated celis compared to
that in cells treated with TRAIL alone (results not
shown) indicating that the increased activation of
caspase § is not due to a reduction in FLIP-mediated
inhibition of caspase $.

Oncogene

These results show that reovirus-induced oncolysis of
cancer cells occurs through TRAIL-mediated apoptosis
and suggest that reovirus-infection is a useful model for
investigations of TRAIL-induced apoptosis in cancer

ells. Similar to the effects of genotoxins (Gibson et al.,

2000), reovirus sensitizes cells to TRAIL induced
apoptosis. Our results show that reovirus-induced
ensitization of cells to TRAIL is inhibited by IETD-
fmk and is associated with the activation of caspase 8.
Further studies of this phenomenon may suggest new
strategies to enhance the killing of cancer cells by
TRAIL.

Materials and methods

Cells and virus

HEK293 cells (ATCC CRLI573) were grown in Dulbecco’s
modified Bagle’s medium (DMEM) supplemented with
100 U/ml each of penicillin and streptomycin and containing
10% fetal bovine serum. HeLa cells (ATCC CCL2) were
grown in Eagle’s minimal essential medium (MEM) supple-
mented with 2.4 mM L-glutamine, non-sssential amino acids,
60 Ufml each of penicillin and streptomycin and containing
10% fetal bovine serum (Gibco BRL, Gaithersburg, MD,
USA). HeLa cells were vsed as indicator cells in the
supernatant transfer experiments. The lung cancer cell fines
(A349 and H157) and breast cancer call lines (MDA-MB231
and ZR75-1) were obtained from the University of Colorado
Cancer Center. Reovirns (Type 3 Abney, T3A) is a
laboratory stock, which has been plague "purified and
passaged (twice) in L929 (ATCC CCL1) cells to generate
working stocks (Tyler er al, 1996). Virus growth was
dstermined by plaque assay as previously described (Tyler
et al., 1983).

Apopiosis assays and reagents

etermination of Apoptotic Nuclear morphology: 48 h after
infection with reovirus cells wers harvested and stained with
actidine orange, for dstermination of puclear morphology
and ethidium bromide, to distingnish cell viability, at a final
concentration of 1 ug/ml each (Duke and Cohen, 1992).
Following staining, cells were examined by epifluorescence
microscopy (Nikon Labophot-2: B-2A filter, excitation, 450
490 nm; barrier, 520 nm; dichroic mirror, 505.nm). The
percentage of cells containing condensed nuclei and/or
marginated chromatin in a population of 100 cells was
recorded. The specificity of this assay for detecting apoptotic
cells has been previously established in reovirus-infected cellg
using DNA laddering techniques and electron microscopy
(Tyler et al., 1995). DNA laddering: Cells (5% 109 were
removed from culture flasks and resuspended in 2 ml
digestion buffer (0.1 M NaCl, 10 mM Tris pH 8, 25 mMm
EDTA, 0.5% SDS and 0.3 mg/ml proteinase K). Following
overnight incubation at 50°C the suspension was extracted
with phenol/chloroform and then chioroform. DNA was then
ireated with RNase (20 pgfml) for 1 h at 37°C, followad by
farther extraction with phenol/chloroform and then chloro-
form. DNA was then purified by overnight ethanol
precipitation (/2 volumes 7.3 M NH-acetate and three
volumes cold 100% ethanol) at —20°C. The precipitate was
spun down at 9000 r.p.m. for 30 min, washed in ethanol
(85%), dried and resuspended in 200 ul TE. DNA was then
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run on a 1.5% agarose gel, stained Jvith ethidium bromide
and visvalized using a Fluor-S MuTt;if_I'maget and Quantity
One software (BioRad, Hercules, (QA?‘}USA.) For the
sensitization experiments cells werg-infected with reovirus at
a multiplicity of infection (MOI) §fZ10} Aftef 24 hecells were
treated with 20 ng/ml TRAIL{(‘Hﬁs;até Biotechnolagy, Lake
Placid, NY, USA), 0.025 ug/mf}f?g AR activatingfligs antibody
(Upstate Biotechnology) or 25)0.5 M doxorubicin. (Sitma,
St. Louis, MO, USA) andZapoptosis assays weie-perforied
after a further 24 h. Soliible} death receptors~Fc:DRS and
FeINFR were obtaijiéd “from Alexis | Corporatjon (Pitts-
burgh, PA, USA). zlie.}cell perineable cispase Anhibitor
IETD-fink was ¢ fied from Ql,on.tcg\h\(\lmfmto, CA,
USA). Anti-reoyiyesahtibody is” neutralizing polyclonal
anti-reovirus anpserdy; that neutfal;“izes ‘infectivity and blocks
apoptosis ind{fé"g by infectious!virug (T)Elegz et al., 1993).
- g
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Cas:ea.ﬁe "33 actx;ve‘ltxoi'x“nssziys\ werg performed wsing a kit
obtainsy /,ﬁ:on;/Clo'n‘tzeclf”; Expériments were performed nsing

Ix 106 cellsét’une’;pnint. Cells weie centrifuged at 200 ¢ for
10 min, supérnataits yere removed and cell pellets were
frozen at —70"C~\qmil‘ag time points were collected. Assays
were performed in ~96 well plates and analysed using a
fluoresent plate reader™(GytoFluor 4000, PerSsptive Biosys-
tems, Farmington, MA, USA). Cleavage of DEVD-AFC, a
synthetic caspase-3 substrate, was used to measure caspase 3
activation in reovirus-infected cells. Cleavage aftsr the second
Asp residue produces free AFC that can be detected using a
fluorescent plate reader. The amount of Buorascence detected
is directly proportional to the amount of caspase 3 activity.

Western blor analysis

Following infection with reovirus, cells were pelicted by
centrifugation, washed twice with ice-cold phosphate-buffers
saline and lysed by sonication in 200 w of a buffer containing
15mMm Tris, pH 7.5, 2 mM EDTA, 10 mM EGTA, 20%
glycerol, 0.1% NP-40, 50 mm mercaptoethanol, 100 ug/ml
leupeptin, 2 ngfm! aprotinin, 40 uM Z-D-DCB, and 1 mM
PMSF. The lysates were then cleared by ‘centrifugation at
16 000 ¢ for 5 min, normalized for protein amount, mixe
11 with SDS sample buffer (100 mm Tris, pH 6.8, 2% SDS,
300 mM mereaptoethanol, 30% glycerol, and 5% pyronine
Y), boiled for 5min and stored at —70°C. Proteins were
electrophoresed by SDS~PAGE (10% ¢gels) and probed with
anti-caspase 8 (B9-2, Pharmingen, San Diego, CA, USA) and
anti-PARP (9542, Cell Signaling Technologies, CA, USA)
antibodies. All lysates were standardized for protein con-
centration with antibodies directed against actin (CPOI,
Oncogene, Cambridge, MA, USA).
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RTPCR

Cells were seeded (5% 10% and were infected with reovirus
(MOI 100). At 24 h post.infection cells were washed in PBS
and were harvested directly into RNA lysis buffer. Total
cellular RNA was prepared using RNeasy minicolumns
(Qiagen, Valencia, CA, USA). Two ug of RNA was used
as template for first strand synthesis using a pre-amplification
system (Life Technologies, Grand Island, NY, USA). Semi-
quantitative RTPCR amplification reactions specific to DR4,
DR5, DcR-1 and DcR-2 were performed (Grifiith er al,
1999). Actin primers were used as controls.

Flow cytometry

Cells were removed from tissue culture fasks by repeat
pipetting or gentle tapping and were suspended in PBS (10°
cells/ml). Cells were pelleted by centrifugation (2000 r.p.m.
for 2 min, then maximum pulse for 10 s) and were then
resuspended in 500 ul wash buffer (PBS containing 2%
fetal calf serum and 0.02% sodium azide). Cells were
pelleted as above and resuspended in 500 ul staining
solution (PBS containing 5% fetal calf serum and 0.02%
sodium azide) for 5 min at room temperature. Cells were
then pelieted as before and resuspended in 50 ul staining
solution, alone for negative control and with primary
antibody (2 pl/ml) for experimental samples. Cells were
then incubated at 4°C in the dark for 30 min before being
washed twice in wash buffer 1 (centrifuging as described
above). After a final centrifugation step cells were
resuspended in staining solution and secondary antibody
conjugated to fluorophore (anti-mouse IgG1-FITC) and
were incubated at 4°C in the dark for 30 min. Cells wers
then pelleted (as abovz) twice and resuspended first in wash
buffer 1 and then in wash buffer 2 (PBS containing 0.02%
sodium azide). Cells were then centrifuged (as above), fixed
in 500 1 d 1% paraformaldshyde and analysed by flow
cytome’;ry.

For these experiments monoclonal antibodies against
human DR4 (huTRI1-M271) and DRS (huTRAILR2-M413)
were used (Immunex Corporation, Seattle, WA, USA).
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Reovirus infection of target cells can perturb cell cycle regulation and induce apoptosis. Differences in the capacity of
reovirus strains to induce cell cycle arrest at G1 and G2/M have been mapped to the viral $1 genome segment, which
also determines differences in the ability of reovirus strains to induce apoptosis and to activate specific mitogen-
activated protein kinase (MAPK) cascades selectively. Reovirus-induced apoptosis involves members of the tumor
necrosis factor (INF) superfamily of death receptors and is associated with activation of both death receptor- and
mitochondrial-associated caspases. Reovirus infection is also associated with activation of a variety of transcription
factors, including nuclear factor (NF)-xB. Junctional adhesion molecule (JAM) has recently been identified as a novel

" reovirus receptor. Reovirus binding to JAM appears to be required for induction of apoptosis and activation of NF-«B,

although the precise cellular pathways involved have not yet been identified.

Reovirus infection has long been a classical experimental
system for studying the role played by individual viral
genes and the proteins they encode during distinct stages
of viral pathogenesis in vivo (reviewed in Ref. 1). Recent
studies have dramatically enhanced our understanding of
reovirus—host interactions at the cellular level and have
shed light on how these viruses activate cellular
signaling pathways, perturb cell cycle regulation and
induce apoptotic cell death.

Virus-receptor interaction

The reovirus cell-attachment protein 61 is an oligomer
located at the icosahedral vertices in the outer capsid of
the virion. 61 has a globular head domain and a long
fibrous tail. Most serotype three reoviruses (T3) contain a
receptor-binding domain (RBD) within the fibrous tail of
o1 encompassing amino acids 198-205, which binds -
linked sialic acid (SA) residues®. A second RBD, common
to both serotype 1 (T1) and T3 reoviruses, is located
within the globular head of ¢1; the head RBD plays a key
role in determining the neurotropism of T3 reoviruses,
both in vitro and in vivo'. Several T3 reovirus strains that
fail to bind SA (T3SA-) have been identified (e.g. clones
T8C43, T3C44 and T3C84) and these strains provide an
opportunity to investigate cell attachment mediated by
the 1 head RBD in the absence of tail RBD-mediated
binding to SA. Recent studies have provided compelling
evidence that the o1 head RBD binds to junctional
adhesion molecule (JAM), and that JAM is a host cell
receptor for reoviruses’. JAM was identified as a putative
reovirus receptor by transfecting COS-7 cells, a reovirus-
resistant cell line, with a cDNA library derived from
reovirus-susceptible human neuronal precursor (NT2)
cells. The transfected cells were selectively enriched for

their ability to bind fluoresceinated T3SA~ virions. Four
clones were identified that each encoded human JAM
(hJAM). The ability of JAM to function as a reovirus
receptor was confirmed by showing that: (1) anti-hJAM
monoclonal antibodies blocked binding of T3SA~ virus to
a variety of target cells including NT?2, HeLa and Caco-2;‘
and (2) murine erythroleukemia (MEL) cells, which are
resistant to infection with T3SA~, and chick embryo
fibroblasts (CEF), which are resistant to reovirus
infection by both SA+ and SA- reovirus strains, both
became permissive following transient transfection with
either hJAM (MELs and CEFs) or murine JAM (CEFs).
Surface plasmon resonance was used to show that a
fusion protein comprising the extracellular domain of
hJAM coupled to rabbit immunoglobulin Fe¢ (Fe-hJAM)
bound to purified T3 61 protein and to the proteolytically
derived head domain of ¢1. A monoclonal antibody
specific for a éonformational epitope within the 61 head
domain blocked binding of T3 virions to Fc-hJAM, an
effect that was not seen with a competitive inhibitor of
reovirus binding to SA (o-sialyllactose, SLL). This
suggests that reovirus binding to JAM occurs via the
virion head RBD and does not require SAs. Reovirus—
JAM binding is of high affinity, with a calculated K, of 6 x
10" M.

Junctional adhesion molecule )
JAM is a member of the immunoglobulin superfamily
that contains two extracellular immunoglobulin-like
domains and a short cytoplasmic tail*”. It is a type 1
transmembrane protein that is located predominantly at
the subapical region of inter-epithelial cell tight
junctions. Although the evidence is compelling that JAM
is a reovirus receptor, some aspects of its biology suggest



reported to induce cell cycle arrest in both the G1 (see
Ref. 12) and G2/M phase™*. Differences in the capacity of
reovirus strains to induce cell cycle arrest are detérmined
by the viral 81 genome segment (see Ref. 24), which is
bicistronic. Cell cycle arrest in G1 has been associated
with the Sl-encoded o1 protein®, whereas G2/M arrest
requires the S1-encoded non-structural protein, ols (Ref.
30). T3 virions lacking o1s fail to induce G2/M arrest and
induced expression of o1s causes an accumulation of cells
in G2/M (Ref. 30). Reovirus-induced arrest in G2/M is
associated with hyper-phosphorylation and inhibition of
the key G2-to-M transition kinase, p34™“ (Ref. 31). p34™**
hyper-phosphorylation can be induced by ¢1s expression,
and fails to occur in cells infected with a T3 ¢1s-deficient
virus. Reovirus-induced G1 arrest in R1.1 thymoma cells
is associated with Ras inhibition and can be reversed by
constitutive expression of v-Ha-ras (Ref. 12).

Reovirus and the host
Reovirus-induced perturbations of cell signaling
pathways including those involved in apoptosis
regulation, cell cycle perturbation and MAPK cascades
were all initially identified in vitro, and their potential
significance to pathogenesis in vivo is only beginning to
be understood. Following intracerebral inoculation of
neonatal mice, T3D induces a lethal encephalitis. Within
the central nervous system (CNS), there is an excellent
correlation between the areas of viral infection as
identified by antigen staining, the presence of apoptotic
neurons identified by terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling (TUNEL),
the morphological characteristics of apoptosis and
neuropathological injury™. A similar correlation has been
seen in the heart following intramuscular inoculation of
neonatal mice with the myocarditic reovirus 8B strain
(Ref. 22). DNA isolated from either infected brains or
hearts shows the inter-nucleosomal fragmentation
pattern characteristic of apoptosis (laddering’). In the
CNS, double-labeling of cells for the presence of viral
antigen and for apoptosis by TUNEL indicates that both
infected cells and non-infected (bystander) cells in
proximity to infected cells can undergo apoptosis®™. In
cultured fibroblasts and myocardiocytes, and in the
heart, reovirus infection is associated with activation of
calpain, a calcium-dependent cysteine protease™ .
Inhibition of calpain activation irn vitro inhibits reovirus-
induced apoptosis”. Administration of calpain inhibitors
in vivo prevents myocardial apoptosis and dramatically
inhibits reovirus-induced myocardial injury”. These
studies strongly suggest that apoptosis is an important
feature of reovirus infection in vivo, and a major
contributory factor to virus-induced tissue injury.
Unlike apoptosis, the significance of reovirus-induced
perturbations in cell cycle regulation and MAPK
signaling in pathogenesis remains largely unknown. It
has not yet been established whether reovirus infection
alters cellular proliferation or cell cycle regulation
following infection in vivo. The importance of reovirus-
induced perturbations in Ras signaling or in JNK and
ERK MAPK cascades for pathogenesis in vivo also
remains to be established. One glimpse into this area

comes from studies of the capacity of reovirus to kill
homo- or xenografted tumor cells***. Intratumoral
injection of virus has been shown to cause regression of
U87 glioblastoma and transformed fibroblast-derived
tumors established in mice®. It has been suggested that
the susceptibility of transformed cells to reovirus -
infection both in vitro and in homo- and xenografts in
vivo reflects the presence of an activated Ras signaling
pathway®”. However, it remains unknown whether the
basal state or reovirus-induced changes in MAPK
signaling pathways also influence the susceptibility of
non-transformed cells to reovirus infection during natural
infection in the host.

Conclusion )

Reoviruses have long served as a model system for
studying viral pathogenesis in vivo. Recent studies have
dramatically advanced our understanding of reovirus—
host interactions at the cellular level, and have provided
new insights into viral host cell receptors, the
mechanisms of virus-induced cell death, and the effects of
viral infection on cellular signaling pathways and cell
cycle regulation. A better understanding of the inter-
relationships of these various events and their
consequences for viral pathogenesis, are the key goals for

future research.
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that it might not be the exclusive target of reovirus head
RBDs, and other candidate receptors have previously
been identified. It is important to recognize that both SA
and JAM can serve independently as reovirus receptors,
and it is likely that additional virus-receptor interactions
also occur. The predominant localization of JAM to
subapical regions of tight junctions would seem to limit
its accessibility for virus binding. Studies establishing
JAM as a reovirus receptor were performed in cultured
cells under conditions in which tight junctions could not
form. It remains to be seen whether JAM is in fact
accessible for viral attachment in target tissues in vivo.
Although JAM is highly conserved among mammalian
species and is expressed on many cell types that are
susceptible to reovirus infection, it is unclear whether the
tissue- and cell type-specific distribution of JAM
correspond with the known cell and tissue tropisms of
reovirus. However, the recent identification of proteins
with homology to JAM (e.g. JAM-2)™, which vary in their
cell and tissue localization, raises the intriguing
possibility that these could also be functional reovirus
receptors. C

Several recent studies suggest that JAM is associated
with a complex of tight junction proteins that can interact
with membrane-associated guanylate kinase homologues
including the Ras- and RaplA-interacting proteins AF-6
and ZO-1 (Refs 9,10). These membrane-associated
guanylate kinases can in turn activate mitogen-activated
protein kinase (MAPK) kinase (MEK) signaling cascades.
Thus, although JAM is not conventionally considered a
signal transduction protein, it will be intriguing to see
what role, if any, it plays in mediating reovirus-induced
changes in cellular signal transduction pathways.
Nonetheless, reovirus interaction with JAM is unlikely to
provide a complete explanation for reovirus-induced
activation of cellular transcription factors, MAPK
cascades and perturbation in cell cycle regulation. For
example reovirus binding to a heterodimeric p65/p95 cell
surface receptor found on certain proliferating cells
including R1.1 thymoma cells and activated T cells has
been associated with reovirus-induced G1 cell cycle arrest
and inhibition of Ras-related signaling pathways'".

Reovirus-induced activation of nuclear transcription
factors

One of the earliest events following T3 infection is
activation of the nuclear factor (NF)-xB family of
transcription factors, and this activation appears to be
required for the subsequent initiation of reovirus-induced
apoptosis”. Using electrophoretic mobility-shift assays
(EMSA), NF-xB complexes that include p50 and p65
(RelA) can be detected in the nucleus of infected HeLa
cells within 4 hrs of infection and reovirus-induced
expression of an NF-xB-dependent luciferase reporter
gene can be detected within 12 hrs. Inhibition of NF-xB
activation by stable expression of a super-repressor form
of inhibitor of kB (IxB) or by inhibition of the proteosomal
degradation of IxB, or by using immortalized mouse
embryo fibroblasts (MEFs) lacking the p50 or p65 (RelA)
components of the NF-xB complex, inhibits reovirus-
induced apoptosis®.

The upstream events leading to reovirus-induced NF-
kB activation are just beginning to be elucidated.
Monoclonal antibodies to hJAM inhibit NF-xB activation
and the subsequent apoptosis in Helia cells despite the
fact that these cells remain susceptible to SA-mediated
reovirus binding and infection’. However, removal of
surface SA by neuraminidase treatment blocks both NF-
kB activation and apoptosis, suggesting that
engagement of both JAM and SA might be required for
their optimal induction. It remains to be established
whether these events are the result of activation of a:
signal transduction cascade initiated through JAM and/or
SA binding, or whether these interactions are merely
required to initiate appropriate early steps in reovirus
cell entry and replication. However, as replication-
incompetent UV-inactivated virus can induce both NF-xB
activation' and apoptosis®, this suggests that JAM
and/or SA binding is likely to play a greater role than
simply facilitating viral entry into target cells.

JAM has not been linked to canonical NF-xB
activation pathways. Under normal circumstances,
inactive NF-xB is retained in the cytoplasm complexed to
its repressor, IxB. Phosphorylation of IxB by the IxB
kinase complex (IKK) leads to the ubiquitination and
proteosomal degradation of IxkB. IKK is itself activated by
proteins that function as IKK kinases, including MEK
kinase 1 (MEKK1), NF-xB-inducing kinase (NIK), and
the interferon (IFN)-induced double-stranded RNA-
activated protein kinase (PKR)"". Cells expressing
dominant-negative (DN) forms of NIK fail to activate NF-
kB in response to reovirus infection. Embryonal stromal
(ES) cells derived from mice with targeted disruptions in
the gene encoding MEKK1 show normal levels of
reovirus-induced NF-kB activation®, suggesting that NIK
rather than MEKK1 might be the significant IKK kinase
activated following reovirus infection. Perhaps
surprisingly, given the facility with which reovirus
infection induces IFN (see Refs 19,20), PKR does not
appear to play a role in reovirus-induced apoptosis or NF-
kB activation. Cells transiently expressing DN-PKR, and
MEFs lacking PKR have normal levels of reovirus-
induced NF-xB activation and apoptosis [P. Clarke et al.
(2000) MEKK1 and NIK contribute to the activation of
NF-xB in reovirus-infected cells via IKK. Abstracts of the
19th Annual Meeting American Society for Virology, Fort
Collins, CO, USA, Abstract #)]. It is important to
recognize that there are alternative pathways for NF-xB
activation other than kinase-activated degradation of
IxB. For example, calpain-mediated proteolysis of IxB
can also lead to NF-xB activation. Calpains are activated
in response to reovirus infection in a variety of target
cells including fibroblasts and myocardiocytes in vitro,
and in reovirus-infected tissue such as the heart in

21,22
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Reovirus activation of MAPK cascades

In addition to the activation of NF-xB, reovirus infection
leads to the selective activation of MAPK cascades.
Activation of MAPK cascades usually begins with a small
G protein and then proceeds through sequential kinase
cascades leading from MAP kinase kinase kinase kinases

.
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(MAP4Ks) to MAP3Ks, MAP2Ks and MAPKs. MAPKs in
turn phosphorylate and activate transcription factors. T3
reovirus infection is associated with activation of ¢-Jun
amino-terminal kinase (JNK) and its substrate, the
transcription factor c-Jun. JNK activation can be
detected within 8-10 hrs of infection and persists for at
least 24 hrs"*, The capacity to activate JNK is reovirus
strain-specific, with the prototype T3 strains Abney (T3A)
and Dearing (T3D) being significantly more potent
inducers than T1L. This difference is determined by the
same viral genes (SI and M2) that determine strain-
specific differences in apoptosis induction®* and
correlates with apoptosis-induction®™. Reovirus infection
of ES cells lacking the MAP3K MEKK1 results in a
marked reduction in JNK activation®, indicating that
activation of MEKK1 plays a crucial role in this process.

Ras signdling

Reovirus infection of R1.1 thymoma cells decreases Raf-1
phosphorylation and extracellular signal response kinase
(ERK) activity”. Raf-1is part of a MAPK cascade that
begins with conversion of Ras-GDP to Ras-GTP and leads
sequentially to phosphorylation and activation of Raf-1,
MEK 1/2 and ERK. Paradoxically, cells overexpressing
constitutively active Ras signaling pathway molecules
including Sos and Ras, which have increased levels of
ERK 1/2 activity, show enhanced efficiency of reovirus
infection®. It has been suggested that increases in Ras
signaling might play a role, through as-yet-undefined
mechanisms, in preventing reovirus-induced PKR
activation and thereby augmenting viral protein
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Cellular pathways involved in reovirus-induced apoptosis
Reovirus-induced apoptosis involves JAM and/or SA
binding, and the activation of transcription factors
including NF¥-xB and possibly ¢-Jun. This suggests that
new gene expression is an essential component of
reovirus-induced cell death. Identification of the specific
genes involved is likely to provide important insights into
the mechanism of reovirus-induced apoptosis, and studies
are currently under way to identify virus-associated
changes in gene transcription using high-density
oligonucleotide microarrays (GeneChip; Affymetrix, CA,
TUSA). Preliminary studies suggest that reovirus infection
leads to altered expression of a limited subset of host
genes that can be functionally categorized as encoding
proteins involved in IFN responses, apoptotic signaling,
DNA damage and repair processes, and cell cycle
regulation [R.L. Debiasi et al. (2000) Analysis of gene
expression following reovirus T3 Abney infection using
high density oligonucleotide microarrays. Abstracts of the
7th International Symposium on Double-Stranded RNA
Viruses, Palm Beach, Aruba, FB{IS2, Abstract WS:EIS].

Cell surface death receptors

Ribonuclease protection assays suggest that members of
the tumor necrosis factor (TNF) superfamily of cell-
surface death receptors, specifically death receptors 4
(DR4) and 5 (DR5) and their ligand (TNF-related
apoptosis-inducing ligand, TRAIL), are involved in
reovirus-induced apoptosis. Antibodies against TRAIL, or

soluble forms of DR4 and DR5 inhibit reovirus-induced
apoptosis™®, A similar effect is seen in cells stably
overexpressing DcR2 (Ref. 28), a decoy receptor that
binds TRAIL but fails to activate apoptotic signaling
pathways. Reovirus-induced apoptosis results in
activation of the death-receptor-associated initiator
caspase, caspase 8 [Ref. 28; D. Kominsky et al. (2000)
Reovirus-induced apoptosis involves both death receptor
and mitochondrial-mediated pathways of cell death.
Abstracts of the 7th International Symposium on Double-
Stranded RNA Viruses, Palm Beach, Aruba, Fiy¥i&a, .
Abstracts P6-P4] and subsequently activation of the Pe-4
downstream effector caspases, caspases 8 and 7 [Ref 28:
D. Kominsky et al. (2000) Reovirus-induced apoptosis
involves both death receptor and mitochondrial-mediated
pathways of cell death. Abstracts of the 7th International
Symposium on Double-Stranded RNA Viruses, Palm
Beach, Aruba, FIs/UBA, Abstracts P6-F4]. Reovirus pé- l{
infection also induces activation of the mitochondrial
apoptotic pathway with release of cytochrome ¢ and
activation of the mitochondrion-associated initiator
caspase, caspase 9. Both caspase 8 and caspase 9 are
capable of activating the effector caspase, caspase 3. The
death receptor and mitochondrial apoptotic pathways are
linked by Bid, a Bcl-2 family protein. Reovirus infection
results in caspase-8-dependent cleavage of Bid, which can
then translocate to the mitochondrion and trigger release
of cytochrome ¢ [D. Kominsky et al. (2000) Reovirus-
induced apoptosis involves both death receptor and
mitochondrial-mediated pathways of cell death. Abstracts
of the Tth International Symposium on Double-Stranded
RNA Viruses, Palm Beach, Aruba, FLAII84, Abstracts
PQ:}M]. Reovirus-induced apoptosis is significantly
inhibited by cell-permeable tetrapeptide inhibitors of
caspase 8 and by stable overexpression of DN Fas-
associated death domain (FADD)”. Bid cleavage and
cytochrome c release are also both inhibited in reovirus-
infected cells stably expressing DN-FADD [D. Kominsky
et al. (2000) Reovirus-induced apoptosis involves both
death receptor and mitochondrial-mediated pathways of
cell death. Abstracts of the 7th International Symposium
on Double-Stranded RNA Viruses, Palm Beach, Aruba,
PRLUSH, Abstracts P6C§4], suggesting that activation of
the mitochondrial apoptosis pathway is initiated by
death-receptor activation and uses Bid-mediated
crosstalk. The mitochondrial pathway provides a crucial
amplification step in reovirus apoptosis, as inhibition of
mitochondrial release of cytochrome ¢ by stable
overexpression of Bel-2 inhibits reovirus-induced
apoptosis® {D. Kominsky et al. (2000) Reovirus-induced
apoptosis involves both death receptor and
mitochondrial-mediated pathways of cell death. Abstracts
of the 7th International Symposium on Double-Stranded
RNA Viruses, Palm Beach, Aruba, P48, Abstracts
P6,:§?4].

Reovirus-induced perturbation of cell cycle regulation
Reovirus infection is associated with inhibition of DNA
synthesis and inhibition of cellular proliferation (see Ref.
24). Depending on the cells investigated and the
experimental methods employed, reovirus has been
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“reported to induce cell cycle arrest in both the G1 (see

Ref. 12) and G2/M phase™*. Differences in the capacity of
reovirus strains to induce cell cycle arrest are determined
by the viral S1 genome segment (see Ref. 24), which is
bicistronic. Cell cycle arrest in G1 has been associated
with the S1-encoded o1 protein®, whereas G2/M arrest
requires the S1-encoded non-structural protein, ols (Ref.
30). T3 virions lacking ¢1s fail to induce G2/M arrest and
induced expression of cls causes an accumulation of cells
in G2/M (Ref. 30). Reovirus-induced arrest in G2/M is
associated with hyper-phosphorylation and inhibition of
the key G2-to-M transition kinase, p34“* (Ref. 31). p34™
hyper-phosphorylation ean be induced by cls expression,
and fails to occur in cells infected with a T3 gls-deficient
virus. Reovirus-induced G1 arrest in R1.1 thymoma cells
is associated with Ras inhibition and can be reversed by
constitutive expression of v-Ha-ras (Ref. 12).

Reovirus and the host
Reovirus-induced perturbations of cell signaling
pathways including those involved in apoptosis
regulation, cell cycle perturbation and MAPK cascades
were all initially identified in vitro, and their potential
significance to pathogenésis in vivo is only beginning to
be undérstood. Following intracerebral inoculation of
neonatal mice, T3D induces a lethal encephalitis. Within
the central nervous system (CNS), there is an excellent
correlation between the areas of viral infection as
identified by antigen staining, the presence of apoptotic
neurons identified by terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling (TUNEL),
the morphological characteristics of apoptosis and
neuropathological injury™. A similar correlation has been
seen in the heart following intramuscular inoculation of
neonatal mice with the myocarditic reovirus 8B strain
(Ref. 22). DNA isolated from either infected brains or
hearts shows the inter-nucleosomal fragmentation
pattern characteristic of apoptosis (laddering’). In the
CNS, double-labeling of cells for the presence of viral
antigen and for apoptosis by TUNEL indicates that both
infected cells and non-infected (bystander) cells in
proximity to infected cells can undergo apoptosis™. In
cultured fibroblasts and myocardiocytes, and in the
heart, reovirus infection is associated with activation of
calpain, a calcium-dependent cysteine protease® ™.
Inhibition of calpain activation in vitro inhibits reovirus-
induced apoptosis®. Administration of calpain inhibitors
in vivo prevents myocardial apoptosis and dramatically
inhibits reovirus-induced myocardial injury”. These
studies strongly suggest that apoptosis is an important
feature of reovirus infection in vivo, and a major
contributory factor to virus-induced tissue injury.
Unlike apoptosis, the significance of reovirus-induced
perturbations in cell cycle regulation and MAPK
signaling in pathogenesis remains largely unknown. It
has not yet been established whether reovirus infection
alters cellular proliferation or cell cycle regulation
following infection in vivo. The importance of reovirus-
induced perturbations in Ras signaling or in JNK and
ERK MAPK cascades for pathogenesis in vivo also
remains to be established. One glimpse into this area

comes from studies of the capacity of reovirus to kill
homo- or xenografted tumor cells®™*, Intratumoral
injection of virus has been shown to cause regression of
U87 glioblastoma and transformed fibroblast-derived
tumors established in mice®. It has been suggested that
the susceptibility of transformed cells to reovirus
infection both in vitro and in homo- and xenografts in
vivo reflects the presence of an activated Ras signaling
pathway™™. However, it remains unknown whether the
basal state or reovirus-induced changes in MAPK
signaling pathways also influence the susceptibility of
non-transformed cells to reovirus infection during natural
infection in the host.

Conclusion

Reoviruses have long served as a model system for
studying viral pathogenesis in vivo. Recent studies have
dramatically advanced our understanding of reovirus—
host interactions at the cellular level, and have provided
new insights into viral host cell receptors, the
mechanisms of virus-induced cell death, and the effects of
viral infection on cellular signaling pathways and cell
cycle regulation. A better understanding of the inter-
relationships of these various events and their
consequences for viral pathogenesis, are the key goals for

future research.
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Questions for future research .

. What are the cellular pathways linking reovirus engagement of JAM and/or other host cell surface receptors
and activation of MAPK pathways and transcription factors?

. What are the specific genes essential for reovirus-induced apoptosis and cell cycle dysregulation and which
transcription factors control their expression?

. What is the role of apoptosis in reovirus-induced tissue injury in different organs in vivo, and what are the effects
on viral pathogenesis of inhibiting apoptosis?

. What role do reovirus-induced alterations in cell cycle regulation play in viral replication in vifro and
pathogenesis in vivo?

. What is the relationship between reovirus receptors identified in vitro, and the cell and tissue tropism of the virus

in vivo? Do differences in patterns of receptor utilization or expression explain age-related and/or strain-specific
differences in patterns of viral infection?

SR



Reovirus

BID

tBID
Mitochondrion

TRENDS in Microbiology

Fig. 1. Reovirus-induced changes in celiular signaling pathways. Reovirus infection is associated with changes in kinase pathways involved in the regulation of
nuclear factor (NF)-xB. and mitogen-activated protein kinase (MAPK) cascades involving both c-Jun amino-terminal kinase (JNK) and extraceliuiar signal
response kinase (ERK). Infection results in new gene transcription and upregulation of apoptotic pathways including the tumor necrosis factor (TNF)-related
apoptosis-inducing ligand (TRAIL)/death receptor 4 (DR4)/DRS death receptor and mitochondrial pathways. Mitochondrial-mediated cell death involves the
activation of the effector caspases, caspases 9 and 3. Reovirus receptors including junctional adhesion molecute (JAMY, sialic acid (SA) and an
uncheracterized heterodimeric ‘pé5/p95’ receptor have all been implicated in reovirus-induced changes in cell signaling pathways. The mechanisms by
which receptor engagement leads to changes in intraceliutar signaling and the exact receptor(s) involved in activating specific pathways remain to be
defined. See text for details regarding individual pathways. Abbreviations: Cyt ¢, cytochrome ¢; FADD, Fas-associated death domain; IxB, inhibitor of kB: KK,
IxB kinase complex: JNKK, JNK kinase; MEK, MAPK kinase: NIK, NF-xB inducing kinase; PAK..p21-activated kincse.
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ABSTRACT

Viral infection often perturbs host cell signaling pathways including those
involving mitogen-activated.protein kinases (MAPKs). We now show that reovirus
infection results in the selective activation of c-Jun N-terminal kinase (JNK). Reovirus-
induced JNK activation is associated with an increase in the phosphorylation of the JNK-
dependent transcription factor c-Jun. Reovirus serotype 3 prototype strains Abney (T3A)
and Dearing (T3D) induce significantly more JNK activation and c-Jun phosphorylation
than the serotype 1 prototypic strain Lang (T1L). T3D and T3A also induce more
apoptosis in infected cells than T1L and there was a significant correlation between the
ability of these viruses to phosphorylate c-Jun and induce apoptosis. However, reovirus-
induced apoptosis, but not reovirus-induced c-Jun phosphorylation, is inhibited by
blocking TRAIL/receptor binding, suggesting that apoptosis and c-Jun phosphorylation
involve parallel rather than identical pathways. Strain specific differences in JNK
activation are determined by the reovirus S1 and M2 gene segments, which encode viral
outer capsid proteins (o1, ulc) involved in receptor binding and host cell membrane
penetration. These same gene segments also determine differences in the capacity of
reovirus strains to induce apoptosis and again a si gnificant correlation between the
capacity of T1L x T3D reassortant reoviruses to both activate INK and phosphorylate c-
Jun and to induce apoptosis was shown. The extracellular signal-related kinase (ERK) is
also activated in a strain-specific manner following reovirus infection. ERK activation.
Unlike JNK activation, this could not be mapped to specific reovirus gene segments,
suggesting that ERK and JNK activation are triggered by different events during virus-

host cell interaction.



INTRODUCTION

Mitogen-activated protein kinases (MAPKs) play a critical role in the transduction
of a wide variety of extracellular signals (22). MAPKs include the extracellular signal-
related kinases (ERKs), which are activa_ted by growth factors and many other mitogenic
stimuli (11) and which are generally thought to have anti-aﬁoptotic properties, and the c-
Jun N-terminal kinases (JNKs, also called stress-activated protein kinases, SAPKS) (16,
39) and p38 MAPKs (23, 40, 53), which are activated by stress stimuli and which
function to communicate growth inhibitory and apoptotic signals within cells. It is
thought that the commitment to apoptosis and determination of cell fate may involve the
balance between the activity of the JNK and p38 kinases and that of ERK (7). For
example, the inhibition of ERK activity and the coordinate. activation of JNK and p38
kinase correlate with the induction of apoptosis in nerve growth factor-deprived PC12
pheochromocytoma cells (61), Fas-treated Jurkatt cells (37, 60) and UV-irradiated mouse
fibroblasts (3).

Infection with a wide variety of viruses can result in perturbation of host cell
signaling pathways including MAPK cascades. Some viruses show a dependence on the
ERK signaling cascades for replication and viral proteins that inauce ERK activation
have been identified (34, 36, 38, 57). Viral-induced MAPK activation, including JNK and
p38 has also been described (19, 31, 32, 42, 44,49, 54, 63), as has the activation of
MAPK-associated transcription factors (33, 42, 54, 63). However, the purpose for their
activation following infection remains largely unclear.

Reovirus is a double stranded RNA virus that induces apoptosis in cultured cells

in vitro (46, 50, 58) and in target tissues in vivo including the central nervous system and



heart (14, 46, 47). Reovirus-induced apoptosis correlates with pathology in vivo and is a
critical mechanism by which disease is triggered in the host (14, 47). Strain-specific
differences in the capacity of reoviruses to induce apoptosis are determined by the viral
S1 and M2 gene segments (58, 59). Reovirus-induced apoptosis requires viral binding to
cell surface receptors, including junctional adhesion molecule (2), but not completion of
the full viral replication cycle (50, 58). Reovirus induces apoptosis by a p53-independent
mechanism that involves cellular proteases including calpains (15) and caspases (10), 1s
dependent on reovirus-induced NF-xB activation (2, 12) and is inhibited by over-
expression of Bcl-2 (50).

We have previously shown that reovirus-induced apoptosis is mediated by TNF
related apoptosis-inducing ligand (TRAIL; 10), which is released from infected cells, and
can be inhibited by antibodies against TRAIL or by treatment of infected cells with
soluble forms of TRAIL receptors. TRAIL interacts with several members of the TNF
receptor superfamily including the apoptosis-associated receptors DR4 (TRAIL-R1) and
DRS5 (TRAIL-R2/TRICK2/KILLER). These receptors contain an intracellular 80 amino
acid “death domain” (DD; reviewed in 1) which is indispensable for apoptosis since it
interacts with DDs found in cytoplasmic adaptor proteins such as TNF—RI -associated
death domain protein (TRADD; 29) and Fas-associated protein with death domain
(FADD; 5, 8). Adaptor proteins have additional domains that enable interaction with both
the prodomains of apoptotic caspases (4, 17, 45) and with members of the TNF receptor-
associated factor (TRAF) family (27, 28) molecules involved in the activation of NF- xB

and JNK (52, 56). In addition to activating apoptotic caspases TRAIL-receptor activation



in reovirus-infected cells is thus also likely to result in the activation of NF-xB (35) and

INK (30).

The capacity of reovirus to induce apoptosis through a TRAIL-dependent
pathway in infected cells suggests that proapoptotic MAPKSs, including JNK, might be
activated in reovirus-infected cells. Reovirus infection also disrupts cell cycle regulation
by inducing a G2/M arrest (48) suggesting that ERK, which promotes cell-cycle
progression, might also be inhibited following reovirus infection. This paper investigates
the activation of MAPKs in reovirus-infected cells. We show that reovirus-infection
causes the selective acfivation of both the JNK and ERK MAPK cascades. Strain specific
differences in JNK, but not ERK, activation are determined by the viral S1 and M2 gene
segments, suggesting that different mechanisms are involved in the activation of these
kinases in reovirus-infected cells. The viral S1 and M2 gene segments also determine
differences in the capacity of reoviruses to induce apoptosis and we now show that there
1s a significant correlation between the capacity of reassortant reoviruses to activate JNK
and to induce apoptosis. Blocking TRAIL—réceptor interaction does not prevent the early
activation of c-Jun by reovirus, indicating that death-receptor independent signaling

pathways are required for reovirus-induced JNK activation.

MATERIALS AND METHODS
Cells and Virus. Mouse 1929 cells (ATCC CCL1) were grown in Jolik’s
modified Eagles medium (JMEM) supplemented to contain 5% fetal bovine serum and 2
mM L-glutamine (Gibco BRL). Reovirus strains Type 3 Abney (T3A), Type 3 Dearing

(T3D) and Type 1 Lang (T1L) are laboratory stocks, which have been plaque purified



and passaged (twice) in L929 (ATCC CCL1) cells to generate working stocks (59). TIL

- x T3D reassortant viruses were grown from sticks originally isolated by Kevin Coombs,

Max Nibert and Bernard Fields (6, 13). Virus infections were performed at a multiplicity
of infection (MOI) of 100 in order to ensure that 100% of susceptible cells were infected
and to maximize the synchrony of virus replication. |

Western Blot Analysis and Antibodies. Following infection with reovirus, cells
were pelleted by centrifugation, washed twice with ice-cold phosphate-buffered saline
and lysed by sonication in 200 pul of a buffer containing 15 mM Tris; pH 7.5,2 mM
EDTA, 10 mM EGTA, 20% glycerol, 0.1% NP-40, 50 mM B-mercaptoethanol, 100
pg/ml leupeptin, 2 pg/ml aprotinin, 40 uM Z-D-DCB, and 1 mM PMSF. The lysates
were then cleared by centrifugation at 16, 000 g for 5 min, normalized for protein
amount, mixed 1:1 with SDS sample buffer (100 mM Tris, pH 6.8, 2% SDS, 300 mM B-
mercaptoethanol, 30% glycerol, and 5% pyronine Y), boiled for 5 min and stored at —
70°C. Proteins were electrophoresed by SDS-PAGE (10% gels) and probed with
antibociies directed against phospho-ERK, phospo c-Jun and total c-Jun (New England
Biolabs, Beverly, Ma). All lysates were standardized for protein concentration with
antibodies directed against actin (Oncogene, Cambridge, Ma, #CP01). Autoradiographs
were quantitated by densitometric analysis using a Fluor-S Multilmager (BioRad

Laboratories, Hercules, Ca).

In vitro kinase assays. L929 cells were solubilized in TX-100 lysis buffer (70
mM f-glycerophosphate, 1 mM EGTA, 100 uM Na;VO,, 1 mM dithiothreitol, 2 mM

MgCly, 0.5% Triton X-100, 20 pwg/ml aprotinin). Cellular debris was removed by



centrifugation at 8000 x g for 5 min. Protein concentration was determined by a Bradford
assay using bovine serum albumin as a standard. JNK activity was measured using a solid
phase kinase assay in which glutathione s-transferase-c-Jun (GST-Jun) bound to
glutathione-Sepharose 4B Beads was.used to afﬁnity purify JNK from cell lysates as
described (20, 25). Quantification of the phosphorylation of GST-Jun was performed
with a Phosphoimager (Molecular Dynamics). ERK activation was measured by first
incubating the lysate with 2 pg/fnl of an anti-ERK2 antibody (Santa Cruz Biotechnology,
Inc.) for 1 hr at 4°C with agitation fdllowed by the addition of 15 pl of a slurry of protein
A-sepharose beads (Sigma, catalog # P-3391) and a further 20 min incubation at 4°C. The
beads were washed twice with 1 ml of lysis buffer and twice with 1 ml of lysis buffer
without Triton X-100. 35 ul of the last wash was left in the tube and mixed with 20 ul of
ERK reaction mix (50 mM B-glycerophosphate, 100 uM Na; VO,4, 20 mM MgCl,, 200
pM ATP, 0.5 nCi/ul [yBZP]ATP, 400uM epidermal growth factor receptor peptide 662-
681, 100 pug/pl IP-20, 2 mM EGTA), incubated for 20 min at 20°C. The reaction was
stopped with 10 pl of 25% trichloroacetic acid and spotted on P81 Whatman paper. The
samples were washed 3 times for 5 min each in 75 mM phosphoric acid and once for 2‘ ‘
min in acetone. They were then air-dried and their radioactivity was measured in a B-
counter. The activity of p38 was measured as described by Gerwins et al. (21).

Apoptosis Assays and Reagents. 48 hours after infection with reovirus cells were
harvested and stained with acridine orange, for determination of nuclear morphology and
ethidium bromide, to distinguish cell viability, at a final éoncentration of 1 pg/ml each
(18). Following staining, cells were examined by epifluorescence microscopy (Nikon

Labophot-2: B-2A filter, excitation, 450-490 nm; barrier, 520 nm; dichroic mirror, 505



nm). The percentage of cells containing condensed nuclei and/or marginated chromatin in
a population of 100 cells was recorded. The specificity of this assay has been previously
established in reovirus-infected cells using DNA laddering techniques and electron
microscopy (10, 58). Soluble death receptors (Fc:DR5 and Fc:DR4) were obtained from
Alexis Corporation (Pittsburgh, Pa.)
RESULTS

Reovirus activates JNK in infected cells. We first investigated whether JNK
was activated in reovirus-infected cglls. L929 cells were infected (MOI, 100) with two
prototype strains of reovirus, T3D and T1L. At 0, 5, 10 and 24 hours post infection (PI)
cells were harvested and the presence of INK activity was detected by in.vitro kinase
assays (Fig. 1). In 3 independent experiments JNK activity was significantly increased (p
<0.01) at 24 h PI in T3D-infected cells, compared to mock-infected cells. However, JNK
activity was not significantly increased (p > 0.05) at 24 h PI in Tl.L-infected cells,
compared to mock-infected celis. An increase in JNK activity was apparent 10 h PI of
T3D-infected cells. Although statistically significant, variability in JNK activity was
greater in the T3D-infected cells at 24 h PI, than for other times and conditions, reflecting
the increase in the mean value.

Levels of phosphorylated c-Jun are increased in reovirus-infected cells. The
activation of JNK results in the phosphorylation and acﬁvétion of the transcription factor
c-Jun, which in turn regulates the transcription of a multitude of cellular genes. Having

shown that JNK was activated in reovirus-infected cells we next wished to determine

- whether the JNK dependent transcription factor c-Jun was also activated following

reovirus infection. Cells were infected with three different strains of reovirus, T1L, T3D



and T3 Abney (T3A), the second prototypic T3 strain. Cells were then harvested at
various times PI and the activation state of c-Jun was determined by western blot analysis
using an antibody directed against the phosphorylated, activated form of c-Jun. Levels of
phosphorylated c-Jun were increased in cells infected with T1L, T3D and T3A strains of
reovirus, compared to mock-infected cells (Fig. 2). Inéreased levels of activated c-Jun
were present 12 hours PI, which closely parallels the activation of INK (Fi g 1). There
were serotype specific differences in the ability of reovirus to phosphorylate ¢-Jun with
T3 strains (T3D and T3A), inducing higher levels of phosphorylated c-Jun at earlier times
post infection, than T1L. For example, at 12 hours PI, levels of phosphorylated c-Jun in
T1L-infected cells were increased 8-fold compared to those seen in mock-infected cells,
whereas levels of phosphorylated c-Jun were increased 24-fold in T3D-infected cells and
33-fold in T3 A-infected cells. Some increase in c-Jun phosphorylation was observed in
mock-infected cells, which may be due to increasing cell confluence. We probed the
same lysates with an aﬁtibody that detects total c-Jun (both phosphorylated and
unphosphorylated forms, Fig. 2C). These blots show that there is also an increase in the
levels of total c-Jun in both mock and reovirus-infected cells. Also visible on these blots
are bands corresponding to the phosphorylated form of c-Jun (Fig. 2C). Once again
serotype specific differences in the ability of reovirus to phosphorylate c-Jun were
obseryed, with T3D and T3A inducing higher levels of phosphorylated c-Jun than T1L.
In support of the association between JNK activation and ¢-Jun phosphorylation,
there was a high correlation between the ability of reovirus to induce JNK activation and

to phosphorylate ¢-Jun (R = 0.97).



Reovirus-induced JNK-activation is determined by thev S1 and M2 gene
segments. Having shown that T3D activates JNK to a greater extent than T1L, we next
wished to identify whether specific viral genes determined these differences. 1929 cells
were infected with a panel of TIL x T3D reassortant reoviruses (MOI 100). 24 hours PI
cells were harvested and JNK activity was determined by in vitro kinase assay. JNK
activation following infection with different reassortant viruses, as well as with parental
strains, and the derivation of the various genome segments of each virus is shown in
Table 1. Results were analyzed using both parametric (z-test) and non-parametric (Mann-
Whitney, M-W test) methods. The reovirus S1 (#-test, P = 0.04, M-W test, P = 0.008) and
M2 (z-test, P = 0.026, M-W test, P =0.014) gene segments were both si gnificantly
associated with strain-specific differences in virus-induced apoptosis. Using linear
regression analysis we obtained R” values of 48.6% (P =0.017) for the S1 gene segment
and 42.5% (P = 0.03) for the M2 géne segment. These results indicate that both the S1
and M2 gene segments contribute to strain specific differences in the capacity of reovirus
to activate JNK in infected cells. The nature of the reassortant pool tested, in which 8 of 9
viruses were concordant for the parental origin of their S1 and M2 segments, prevents us
from more accurately defining the relative contribution of these two segments to JNK
activation.

It is important to note that although statistical analysis identifies the S1 and M2
gene segments as important determining factors in the ability of reoviruses to induce JNK
activation some viruses with differing genotypes (eg. KC150 and EB 121) have closely
related JNK activity levels. This suggests that non-genetic factors also contribute to

reovirus-induced JNK activation.
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Reovirus-induced c-Jun phosphorylation and reovirus-induced apoptosis are
correlated. Reovirus prototypic strains T3D and T3A induce more apoptosis in infected

cells than T1L (58, 59). Since our results indicate that Type 3 reoviruses also induce

higher levels of phosphorylated c-Jun and JNK activity we compared the ability of the

prototypic strains of reovirus to phosphorylate c-Jun, at 12 and 18 h PI (F ig. 2), with their
ability to induce apoptosis (Fig. 3A and B). Apoptosis was measured at 48 h PI and the
apoptosis experiments were set up in parallel to the c-Jun experiments in order to assure
that the experimental conditions were as similar as possible. A significant association
between the capacity of reoviruses to induce apoptosis and phosphorylate c-Jun was
found (Pearson parametric correlation R> = 0.964, using c-Jun values obtained at 12 h P,
and R” = 0.9330, using c-Jun values obtained at 18 h PI). We also investigated whether
there was a correlation between the capacity of T1L x T3D reassortants to phosphorylate
c-Jun (Fig. 3C) or activate INK (Fig. 3D) and to induce apoptosis. Significant
associations between the capacity of reovirus reassortants to induce apoptosis and both
activate JINK (Pearson parametric correlation R* = 0.6077, P = 0.0028) and phosphorylate
c-Jun (Pearson parametric correlation R2 = 0.30, P = 0.03 54) were found. The larger pool
of viruses used to generate the reassortant data enabled us to derive P values for these

correlations.

Soluble TRAIL receptors block reovirus-induced apoptosis but not reovirus-
induced c-Jun activation. TRAIL receptor ligation results in the activation of JNK (30).
We have previously shown that reovirus-induced apoptosis requires TRAIL receptor

ligation (10). We next investigated whether TRAIL receptor activation was required for

11



the activation of ¢-Jun in reovirus-infected cells. A combination of the soluble TRAIL
receptors Fc:DRS and Fc:DR4 were used to inhibit the binding of TRAIL to its functional
cellular réceptors. L929 cells were infected with T3D (MOI 50) in the presence, or
absence, of Fc:DRS5 and Fc:DR4 (final concentration 100 ng/ml each) and were harvested
after 18 hours. Lysates were then analyzed by western blot analysis using an anti-
phospho c-Jun antibody. In parallel, cells were infected with reovirus in the presence of a
combination of Fc:DRS5 and Fc:DR4 and were assayed for reovirus-induced apoptosis
after 48 hours (Fig. 4). The presence of soluble TRAIL receptors did not inhibit c-Jun
activation in T3D-infected cells (Fig. 4A and B). Infact, there seemed to be an increase in
levels of phosphorylated c-Jun when cells were infected with reovirus in the presence of
soluble TRAIL receptors compared to levels seen in untreated, infected cells. Conversely,
the presence of soluble TRAIL receptors markedly reduced the ability of T3D to induce
apoptosis (Fig. 4C) indicating that inhibition of TRAIL receptor ligation inhibits
apoptosis but fails to reduce the activation of ¢-Jun in reovirus-infected cells. This
suggests that pathways other than those initiated by TRAIL contribute to reovirus-

induced JNK activation.

ERK, but not p38 MAPK, is activated following reovirus-infection. Having
shown that JNK is activated in reovirus-infected cells we next wished to determine
whether other MAPK pathways are also activated following reovirus-infection. The
activities of p38 and ERK were thus investigated in reovirus-infected 1929 cells (MOI
100) at 24 and 48 hours post-infection by in vitro kinase assays. T3D, but not T1L,
infection resulted in the activation of ERK. BRK activation peaked at 24 hours post

infection, with a 4-fold increase in levels of ERK activation compared to mock infected

12



cells (Fig. 5A). There was a slight decrease in p38 activity in following infection with
both T1L and T3D strains of reovirus (Fig. 5B).

Since MAPKSs can be activated rapidly in some systems we also looked at MAPK
activation at very early times (under 2 hours) post reovirus infection. Using antibodies
directed against the phosphorylated, active form of ERK we were able to show that ERK
had an additional activation peak at around 20 mins PI (Fig. 5C). This activation peak
was also strain specific with T3D and T3 A inducing more activity than T1L. JNK and
p38 were not activated within 2 hours of infection (results not shown). Taken together
with our previously described data, these results indicate that reovirus preferentially and
selectively activates the JNK and ERK MAPK pathways.

Although we were able to show strain specific differences in the activation of
ERK in infected cells we have so far been unable to map this phenomenon to a specific
reovirus gene segment (results not shown) suggesting that ERK and JNK activation
involve different types of virus-host cell interactions. The activation of ERK is generally
associated with anti-apoptotic effects. Conversely, the inhibition of ERK activity often
correlates with the activation of INK and p38 kinase and the resultant induction of |
apoptosis. We therefore wished to investigate whether reovirus-induced apoptosis would
be enhanced by treatment with PD 98059, a chemical inhibitor of ERK activation. Cells
were pre-treated with PD 98059 (10 uM) for 2 hrs prior to infection with reovirus and
were maintained in media in the presence of inhibitor for 48 hrs following reovirus-
infection. There was no change in reovirus-induced apoptosis in cells treated with PD
98059 (Fig. 6A) even though ERK activation following reovirus-infection was blocked

(Fig. 6B). The activity of MAPK p38 is decreased in reovirus-infected cells and, as

13



expected, chemical inhibitors of p38 (PD 169316, SB 202190) did not affect reovirus-

induced apoptosis (results not shown).

DISCUSSION

Our results indicate that reovirus infection selectively induces MAPK activation
in infected cells. JNK is activated following reovirus infection in a strain specific manner,
with the type 3 prototype reovirus strain (T3D) inducing more JNK activation than the
type 1 prototype reovirus strain (T1L). Reovirus-induced JNK activation is associated
with phosphorylation, and hence activation, of the INK-dependent transcription factor c-
Jun. The phosphorylation of c-Jun is also a strain-specific event, with the prototype 3
strains (T3D and T3A) inducing more JNK activation than T1L.

Strain-specific differences in JNK activation are determined by the S1 and M2
reovirus gene segments, which both encode reovirus capsid proteins. The reovirus S1
gene 1s bicistronic, encoding Both the viral attachment protein 1 and a non-virion-
associated protein c1s that is required for reovirus-induced G»/M cell cycle arrest (48)
but is not required for reovirus growth in cell culture or for the induction of apoptosis
(51, 59). Reovirus-induced c-Jun activation is not blocked following infection by a o1s-
deficient virus strain (results not shown) indicating that ¢ 1s is not required for c-J ﬁn
activation in reovirus-infected cells. The M2 segment encodes the main reovirus outer
capsid protein plc, which plays a key role in membrane penetration and in the
transmembrane transport of virions (24, 26, 41).

The S1 and M2 gene segments also determine the ability of reovirus to induce

apoptosis (59) and there is a correlation between the ability of different prototype
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reovirus strains, and T3D x T1L reassortant reoviruses, to induce apoptosis and to
activate JNK and/or phosphorylate c-Jun. This suggests that INK activation/c-Jun
phosphorylation and apoptosis are either components of the same pathway that induces
apoptosis following reovirus infection, or are components of distinct, parallel pathways
induced by the same viral factors.

Reovirus-induced apoptosis is mediated by TRAIL-induced activation of death
receptors and is associated with the release of TRAIL from infected cells (10). TRAIL
receptor activation can also result in the activation of JNK (30), suggesting that this may
be the mechanism by which reovirus induces JNK activation. However, reovirus-induced
TRAIL release and TRAIL recéptor activation do not occur until 24 - 48 hrs post-
infection (10) suggesting that death receptor independent signaling pathways are
responsible for the earlier (10 hrs PI) activation of JNK and c-Jun that occurs following
reovirus-infection. The fact that reovirus-induced apoptosis can be inhibited by soluble
TRAIL receptors, without affecting reovirus-induced c-Jun phosphorylation, indicates
that pathways leading to apoptosis and JNK activity can be disassociated and also
suggests that these pathways are distinct rather than identical. Both these observations are ,
consistent with our previous studies showing that reovirus-induced JNK activity (62), but
not apoptosis (results not shown) is inhibited in MEKK1 -/- embryonic stem cells.
However, until we can find methods to completely block apoptosis or JNK activity we
cannot rule out the possibility of a common pathway.

Reovirus-induced JNK activatioq 1s a specific event. For example, p38 MAPK is
not activated following reovirus-infection. In addition, although ERXK is activated in a

serotype specific manner in infected cells, our inability to map this activation to a specific
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reovirus gene segment indicates that ERK is activated by a different mechanism than
JNK. The kinetics of ERK and JNK activation also differ, with ERK showing an early
phase of activation that is not seen Wifh JNK, again suggesting that ERK and JNK are
activated by different mechanisms. The specificity of reovirus-induced JNK activation
suggests that it is important for some aépect of the reovirus lifecycle. The role of virus-
induced JNK activation is not yet known, however, reovirus growth is not inhibited in
MEKK1 -/- cells (results not shown) despite a marked reduction in reovirus-induced JNK
activation (62). This sﬁggests that JNK activation is not essential for viral replication.
Reovirus-induced JNK activation is associated with activation of the JINK-dependent
transcription factor c-Jun. We have previousfy shown (12) that reovirus infection is also
associated with activation of the transcription factor NF-xB, suggesting that virus-
induced perturbation of gene expression plays a critical role in viral pathogenesis and
cytopathicity. This is conﬁrmed by our recent studies showing that reovirus infection is
associated with alterations in the expression of a number of host cell genes involved in
the regulation of cell cycle, apoptosis, and DNA repair (Dr R. DeBiasi, personal
communication). In addition, one of the largest functional groups of genes whose
expression is altered following reovirus infection are those associated with interferon

activation, consistent with the known role of c-Jun in the optimal induction of IFN,; and

IFNg transcription (9) and onset of the anti-viral response (55).
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Figure Legends

Fig. 1. Reovirus activates JNK infected cells. 1929 cells were infected with 2 different
serotypes reovirus, T1L and T3D (MOI 100) or were mock-infected. At various times PI
lysates were prepared and JNK activity was determined by in vitro kinase assays. The
graph shows the mean JNK activity, as measured by c-Jun phosphorylation (arbitary
imager units), of three independent experiments. Error bars represent standard errors of

the mean.

Fig. 2. c-Jun is activated following infection with reovirus. Cells were infected with

different strains of reovirus (MOI 100) and were harvested at various times PI. Extracts

were standardized for protein concentration, using an anti-actin antibody, and equal
amounts of protein were separated by SDS-PAGE and probed with antibodies directed
against phosphorylated (A) or total c-Jun (C). Bands corresponding fo phosphorylated
and unphosphorylated c-Jun are shown. The gels are representative of at least 2
independent experiments (B) Graphical representation of the western blot shown in A

showing the fold increase in levels of phophorylayed c-Jun over time.

Fig. 3. There is a correlation between the capacities of different prototype strains of
reovirus to phosphorylate c-Jun and induce apoptosis and between the capacities of T1L
x T3D reassortant viruses to induce JNK activation or c-Jun phosphorylation and
apoptosis. The ability of different strains of reovirus (T3A, T3D and T1L) and mock M)-
infection to induce increased levels of phosphorylated c-Jun, at 12 (A) and 18 (B) h PI

(values taken from Fig. 2) and apoptosis are shown. Experiments to determine c-Jun
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phosphorylation and apoptosis were set up in parallel. (C) The capacity of reovirus
reassortants (MOI 100) to induce phosphorylated c-Jun and apoptosis were plotted. Each
point represents a single reassortant virus. Lysates were harvested at 18 h PI,
standardized for protein concentration and analyzed by western blot analysis using an
antibody directed against phospho c-Jun. Apoptosis values were obtained in a parallel
experiment and représent the mean value from 3 separate wells (24-well tissue culture
plate) of the same experiment. (D) The capacity of reovirus reassortants (MOI 100) to
induce JNK activity and apoptosis were plotted. Each point represents a single reassortant
virus. JNK activity values were taken from Table 1. Apoptosis values were obtained in a
paralle] experiment and represent the mean value from 3 separate wells (24-well tissue

culture plate) of the same experiment.

Fig.-4. Apoptosis but not c-Jun phosphorylation is inhibited in T3D-infected cells in the
presence of the soluble TRAIL receptors, Fc:DRS and Fc:DR4. In parallel experiments
cells were infected with T3D (MOI 50) and were assayed for c-Jun activation at various
times PI and for apoptosis after 48 hours. (A) Autoradiograph showing levels of
phosphorylated c-Jun following infection with reovirus (T3D), in thé presence or absence
of Fc:DRS5 and Fc:DR4 (final concentration 100 ng/m] each). Equal amounts of protein,
as determined by actin concentrétion (not shown), were loaded. (B) Graphical analysis of
results shown in A showing the fold increase in c-Jun phosphorylation, compared to
mock-infected, untreated cells, at 12 (gray bars), 20 (black bars) and 30 (stippled bars) h
PI. (C) Graph showing the percentage of cells with apoptotic nuclear morphology in

reovirus (T3D) or mock infected cells in the presence or absence of soluble TRAIL
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receptors (final concentration 100 ng/ml each). Error bars represent standard errors of the

mean from 3 separate wells (24-well tissue culture plate) of the same experiment.

Fig. 5. Reovirus activates ERK but not p38 in infected cells. The activities of ERK (A)
and p38 (B) were investigated in reovirus-infected 1929 cells (MOI 100) at 24 (black
bars) and 48 hours (stippled bars) PI by in vitro kinase assays. The graphs show fold
activation compared to mock-infected cells. Error bars represent standard errors of the
mean for 3 independent experiments. (C) ERK is activated at early times post reovirus
infection. L929 cells were infected with reovirus (MOI 100) and harvested at various
times PI. Proteins were separated by SDS-PAGE followed by western blot analysis using
antibodies directed against phospho-ERK. Actin was used to standardize for protein

loading (not shown).

Fig. 6. Inhibition of ERK activation does not affect reovirus-induced apoptosis. (A)
Reovirus-induced apoptosis (MOI 100) was measured in the presence of a chemical
inhibitor of ERK activation (PD 98059). 1929 cells were pre-treated with inhibitor (10
uM) for 2 hrs prior to infection with reovirus and were maintained in media in the
presence of inhibitor for 48 hrs following reovirus-infection. Cells were then harvested
and assayed for apoptosis. The graph shows % apoptosis. Error bars represent standard
errors of the mean. (B) Activation/phosphorylation of ERK following reovirus-infection
(MOI 100, T3D) in the presence of PD 98059 (10 uM) as determined by western blot

analysis using antibodies directed against phospho-ERK.
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Table 1: Reovirus-induced JNK activation is determined by the S1 and M2 gene segments.

Virus INK Reovirus gene segment
strain | Activity L1 [L2 [L3 [MI [M2 [M3 [SI S2 [S3 [S4
Imager Units
EB97 | 189000 T3D | T3D |TIL [ T3D |T3D | T3D | T3D | T3D | 13D | TIL
T3D 108000 T3D | T3D | T3D | T3D | T3D |[T3D | T3D | T3D | 13D | I3D
EB13 108000 T3D | T3D [T3D | T3D |[T3D |[T3D [ T3D | T3D | 13D | TIL
H15 102000 TIL | T3D {T3D | TiL | T3D | T3D | T3D T3D | T3D | TIL
KC150 | 84000 T3D | TIL |TIL |TIL |T3D |TIL [T3D | T3D | TIL | T3D
EBI121 | 81000 T3D |T3D | TIL | T3D {TIL |T3D |[TIL [T3D | T3D | I3D
EB1 78000 TIL |T3D | TIL | TIL |T3D |[TIL |[TIL |TIL |TI3D | TIL
EB85 | 75000 TiL [TIL |TIL |TIL |TIL [T3D [TIL | T3D |TIL | TIL
EB31 | 63000 TIL | TIL [TIL | T3D |TIL |[TIL |TIL | T3D | I3D | TIL
TIL 54000 TIL |TIL |TIL |TIL |TIL [TIL [TIL | TIL |TIiL | TIL
H41 24000 T3D |T3D |TIL |TIL |TIL [T3D [TIL | T3D | 13D | TIL
Mock | 20000
t-test 033 1018 [ 0.19 {0.15 [0.026 [ 020 [0.04 [024 |0.19 0.83
M-W 0.17 [ 0.16 008 [0.12 | 0.014 | 0.22 [0.008 | 0.29 | 024 | 0.41
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Abstract
Apoptosis induction or its inhibition pléys an important role in the pathogenesis of many
viral infections. Apoptotic cell death can be triggered by death receptor activation,
mitochondrial insult, or stress within the endoplasmic reticulum or Golgi. Virtually ail
apoptotic pathways involve the sequential activation of a family of cysteine proteases
known as caspases. Delivery of an apoptotic stimulus to the cell triggers the activation of
initiator caspases, leading to the activation of effector caspases. We have shown that
reovirus-induced apoptosis involves the DR4/DR5/T RAIL cell death reéeptor system.
We now provide the first detailed characterization of the péttern of caspase activation
following reovirus infection. Reovirus infection of HEK293 cells results in the activation
of the death receptor-associated initiator caspase, caspase-8. Infection induces the
release of cytochrome ¢ from mitochondria, leading to the activation of caspase-9.
Reovirus infection is associated with caspase-8-dependent cleavage of Bid, a pro-
apoptotic member> of the Bcl-2 protein family. Inhibition of caspase-8 activation prevents
mitochondrial release of cytochrome ¢ and activation of caspase-9. Activation of initiator
caspases induces the activation of effectdr caspases including caspase-3 and caspase-7.
This activation is initiated by death receptor ligation but depends on mitochondrial

amplification and can be inhibited by overexpression of Bcl-2.

Introduction
Apoptosis is a particular type of cell death that is characterized by distinctive changes
in cellular morphology including cell shrinkage, zeiosis, nuclear condensation, chromatin

margination and subsequent degradation that are associated with inter-nucleosomal DNA



fragmentation. Apoptosis may be initiated by a wide variety Qf cellular insults including
death receptor stimulation, y-radiation, and cytotoxic compounds. Induction or inhibition
of apoptosis is an important feature of many types of viral infection both in vitro and in
vivo.

Mammalian reoviruses induce apoptosis in a wide variety of cultured cells in vitro (23,
27, 38). Apoptotic cell death also plays a key role in reovirus pathogenesis. There is an
excellent correlation between reovirus-induced tissue injury in the heart and the CNS and
the distribution of viral antigen and the presence of apoptotic ceil death (24). (23)
Inhibition of apoptosis reduces the extent of reovirus-induced tissue injury in vivo (9).

Reovirus induced apoptosis involves the tumor necrosis factor (TNF) superfamily of
cell surface death receptors, specifically DR4, DRS and their ligand, TNF-related
apoptosis-inducing ligand (TRAIL) (6), and can be inhibited by anti-TRAIL antibodies
or soluble forms of DR4 bor DRS which inhibit interaction of TRAIL with DR4 and DRS
(6). Additionally, it has been shown recently that reovirus-induced apoptosié requires
both sialic acid binding and interaction with junction adhesion molecule (JAM) (3). |
Reovirus-induced apoptosis can also be inhibited by expression of Bcl—‘?., suggesting that
mitochondrial pathwéys of apoptosis also play a key role (27). However, the exact
nature of the caspase cascades activated and their inter-relationship has not been
pre?iously determined.

Apoptosis induced by activation of cell surface death receptors (“extrinsic pathway”)
involves the formation of a death-induced signaling complex (DISC) that recruits and
activates caspase-8 (reviewed in (2). Activated caspase-8 can, in turn, activate

downstream effector caspases including caspases-3 and -7. Mitochondria play a central



role in an “intrinsic” pathway of apoptosis. In this pathway, apoptotic stimuli enhance
mitochondrial membrane permeability and permit the translocation of cytochrome ¢ and
other pro-apoptotic molecules from the mitochondria into the cytosol (10,17, 19, 32,
39). A cytosolic complex including cytochrome ¢ and Apaf-1 (apoptosome) activates
caspase-9 (42). Activated caspase-9, like activated caspase-8, can acti{/ate additional
downstream effector caspases including caspase-3. The intrinsic and extrinsic pathways
are linked by Bid, a pro-apoptotic Bcl-2 family member. Caspase-8-dependent cléavage
of Bid allows this protein to translocate to the mitochondrion, where it directly or
indirectly facilitates cytochrome c release (14, 18, 20,:‘ 40, 41). The importance of the
mitochondrial apoptotic pathway in augmenting death-receptor initiated apoptosis can be
assessed by studying the pattefn of caspase activation and the effects of Bcl-2 expression.
Death receptor-initiated, mitochohdrial-dependent apoptosis is generally associated with
early low level activation of caspase-8 and is inhibitable by Bcl-2 (28, 29). Conversely,
mitochondrial-independent, death receptor-initiated apoptosis is associated with more

* robust caspase-8 activation and is not inhibited by Bcl-2 expression (28, 29).

In this paper we provide the first comprehensive characteﬁzation of the pattern of
caspase activation following reovirus infection. We show that infection results in the
activation of both death receptor- and mitochondrial-associated initiator caspases
including caspase-8 and caspase-9. Activation of these initiator caspasés is followed by |
activation of effector caspases including caspase-3 and caspase-7. Caspase-8-dependent
- cleavage of the Bid provides a linkage between the death receptor and mitochondrial
pathways of apoptosis following reovirus infecti‘on.’ Inhibition of caspase-8 activatidn

prevents the cleavage of Bid, and the subsequent activation of mitochondrial pathway.




The mitochondrial pathway is essential for effective 'apoptosis induction following

~ reovirus infection, as inhibition of this pathway by over-expression of Bcl-2 prevents
reovirus-induced effector caspase activation. Consistent with this model, cell permeable
inhibitors of ‘both group II Caspases (caspése-2, -3, -7) and group III caspases (caspase-6,
-8, -9) but not of group I caspases (caspase-1, -4, -5) inhibit reovirus-induced caspase-3

activation.

. Materials and Methods -
Reagents |
Anti-cytochrome ¢ (7H8.2C12) (1:1000), anti-PARP (C2-10) (1:2000), anti-caspase-6
(B93-4) (1:1000), anti—caspas§—8 (B9-2) (1:2000), and anti-caspase-9 (1:1000) antibodies
were purchased from Pharmingen (San Diego, California). Anti-caspase-3 (1:1000) and
anti-caspase-7 (1:1000) were purchased from Cell Signaling Technology (Beverly,
Massachusetts). Anti-Bid antibodies (1:1000) were from Trevigen (Gaithersburg,
Maryland). Anti-actin antibodies (JLA20) (1:5000) were from Calbiochem (Darmstédt,
Germany). Anti-human cytéchrome ¢ oxidase (subunit II) antibodies (12C4-F12)
(1:1000) were from Molecular Probes (Eugene, Oregon). Anti-Fas antibody (CH-11)
was from Upstate Biotechnology (Lake Placid, New York). Caspase éynthetic peptide
inhibitors used were caspase-3 Inhibitor I (cell permeable), caspase-8 Inhibitor I (cell
permeable), and caspase-1 Inhibitor I (cell permeable) (Calbiochem, Darmstadt,
Germany). ApoAlert éaspase-3 fluorometric assay kit was purchased from Clontech

(Palo Alto, California).



Cells, Virus, and DNA Constructs

HEK?293 cells (ATCC CRL1573) were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 100 U/ml éach of penicillin and streptomycin and
containing 10% fetal bovine serum. Jurkat cells were a gift of Dr. John Cohen and were
grown in RPMI supplemented with 100U/ml each of penicillin and streptomycin and -
containing 10% fetal bovine serum. FADD-DN cells were a gift of Dr. Gary Johnson and
-express amino acids 80-208 of the FADD cDNA (with the addition of an AU1 epitope .
tag at the N—términus) from the CMV promoter of pcDNA3 (Invitrogen,. Calsbad,
Californié). HEK 293 cells stably over-expressing Bcl-2 were provided by Dr. Gary
Johnson. The cell line was constructed by cloning full-length Bcl-2 into the pLXSN
vector and transfecting cells via retroviral transduction. Reovirus (Type 3 Abney, T3A)
is a laboratory stock, which has been plaque purified and passaged (twice) in L929 cells
(ATCC CCLI) to generate working stocks (37). All experiments were performed using
an M.O.L of 100. High M.O.Ls were chosen to insure synchronized infection of all
susceptible cells, and to maximize the apoptotic stimulus.

Western Blot Analysis

Reovirus-infected cells were harvested at the indicated times? pelleted by centrifugation,
washed with ice-cold phosphate-buffered saline, and lysed by sonication in 150 ul of
lysis buffer (1% NP40, 0.15 M NaCl, 5 0 mM EDTA, 0.01 M Tris (pH 8.0), 1.0 mM
PMSF, 0.02 mg/ml leupeptin, 0.02 mg/ml trypsin inhibitor). Lysates were cleared by
centrifugation (20,000 g, 2 min), mixed 1:1 with SDS sample buffer, boiled for 5 min,
and stored at —70°C. To prepare mitochondrial-free extracts, cells were pelleted, washed

twice in ice-cold PBS, and incubated on ice for 30 min in buffer containing 220 mM



mannitol, 68 mM sucrose, 50 mM PIPES-KOH (pH 7.4), 50 mM KCl, 5 mM EGTA, 2
mM MgCl,, 1 mM DTT, and protease inhibitors (complete cocktail, Boehringer
Mannheim, Indianapolis, Indiana). Cells were lysed using 40 strokes in a Dounce
homogenizer (B pestle). Lysates were-centrifuged at 14,000 g for 15 min at 4°C to
remove debris. Supernatants and mitochondrial pellets were prepared for electrophoresis
as above. Proteins were separafed by SDS-PAGE electrophoresis and transferred to
Hybond-c extra nitrocellulose membrane (Amersham, Buckinghamshire, England) for
immunobloting. Blots were then probed with the specified antibodies at the dilutions
described above. Proteins were visualized using the ECL detection system (Amersham,
Buckinghamshire, England). Densitometric analysis Was performed using a FluorS
Multilmager system and Quantity One software (Bio-Rad, Hercules, California).
Caspase-3 Activation Assays

Caspase-3 activation assays were performed using a kit obtained from Clontech (Palo
Alto, California). .Experiments were performed using 1 x 10®cells/ time point. Cells
were centrifuged at 200 g, supernatants were removed, and the cell pellets were frozen at
~70°C until all the time points were collected. Assays were perfdrmeci in 96-well plates
and analyzed using a fluorescent plate reader (CytoFluor 4000, PerSeptive Biosystems,
Framingham, Massachusetts). Cleavage of DEVD-AFC, a synthetic caspase-3 substrate,
was used to determine caspase-3 activation. Cleavage after the second Asp residue
produces free AFC. The amount of fluorescence detected is directly proportional to
amount of caspase-3 activity. Because all of the fluorogenic substrate assay experiments

were performed at the same time, both the mock and reovirus-induced caspase-3



activation profiles are the same in all of these experiments and are included in each figure

to facilitate comparisons. Results of all experiments are reported as means + SEM.

Results

Caspase-8 is activated following reovirus infection. We have recently shown that
reovirus-induced apoptosis involves the death receptors DR4 and DRS5 and their cognate
ligand TRAIL (6). Apoptosis i‘nitiated via TNF _receptbr superfamily cell death receptors
involves the adaptor molecule FADD and subsequent activation of caspases, starting with
the initiator caspase, caspase-8 (15). Reovirus-induced apoptosis is inhibited in
HEK?293 cells expressing dominant-negative FADD/(FADD—DN) and in cells treated
with Ac-IETD-CHO a cell permeable synthetic peptide inhibitor of caspase-8 (6). As
shown in Fig. 1A, reovirus infection induceé the activation of caspase-8 as evidenced by
the disappearance of the full-length proenzyme (seen as a 55/54 kD doublet). The
reduction in caspase-8 immunoreactivity appeéred to be bi-phasic. A first phase of
activation was detectable as early as 8 hrs post-infection. A second, more intense phase
of activation began at 22 hrs post-infection and continued through >34 hrs (Fig. 1A and
1B).

Reovirus infection is associated with release of mitochondrial cytochrome ¢ and
activation of caspase-9. We have previously shown that stable over-expression of Bcl-2
in MDCK cells inhibits reovirus-ihduced apoptosis (27). Bcl-2 acts to inhibit apoptosis
by preventing release of pro-apoptotic factors including cytochrome ¢ from
ﬁitochondrion (1, 26). The capacity of Bcl-2 to inhibit reovirus-induced apoptosis

suggested that the mitochondrial (intrinsic) pathway played a key role in reovirus-



induced apoptosis. We therefore wished to determine whether reovirus infection was
associated with release of cytochrome ¢ and activation of caspase-9. Mitochondria—frée
lysates were prepared from both mock- and reovirus-infected cells at the indicated time
points and analyzed by western blot for the presence of cytosolic cytochrome ¢. Blots
were probed with antisera directed against the mitochondrial integral membrane protein
cytochrome ¢ oxidase (subunit II) to detect potential mitochondrial contamination of the
samples. Cytosolic cytochrome c is detected in reovirus-infected cells at ~ 10 hr post-
infection (Fig. 2A). We also examined the cellular localization of mitochondrial
cytochrome ¢ following reovirus infection in FADD-DN expressing cells. As shown inv
Fig. 2B, cytochrome c is found at only trace levels in the cytoplasm of reovirus-infected
FADD-DN expressing cells. These results indicate that caspase-8 activation occurs
upstream of, and is required for, the release of cytochrome ¢. We next wished to
determine whether caspase-9 was activated. Activation of caspase-9 involves the
cleavage of the 46 kD pro-enzyme into a 37 kD active fragment. Activated caspase-9
was first detectable in reovirus-infected cells at 10 hrs (Fig. 3) post-infection, and was not
detected in mock-infected cells. Activation increased steadily from 10 to 18 hrs and then
persisted for > 32 hrs.

Bid is cleaved following reovirus infection. Bid is a pro-apoptotic member of the
Bcl-2 protein family. Activation of both Fas receptor‘ by Fas and DR4/DR5 by TRAIL
can induce caspase-8 depc_endent cleavage of Bid (18, 40, 41). Cleaved Bid can facilitate
the release cytochrome ¢ from the mitochondrion and lead to subsequent apoptosome-
mediated activation of caspase-9 (20). We wished to determine Wheth‘er"\Bid was

cleaved following reovirus infection, and if this cleavage depended on caspase-8



activation. Western blot analysis revealed that while full length Bid levels remain
relatively unchanged in mock-infected cells (Fig. 4A). However, following reovirus
infection there was a biphasic pattern of Bid cleavage, analogous to that seen with
caspase-8 (Fig. 4A). Loss of the full 1ength immunoreactive B1d was first detected as
early as 10 hrs post-infection. A second phase of Bid cleavage began at 26 hrs post-
infection and continued through > 40 hrs (Fig. 4A and 4B). In order to determine
whether Bid cleavage was dependent on caspase-8 activation, we examined levels of
immunoreactive Bid in cells in which caspase-8 activation was blocked by stable
expression of DN-FADD. FADD-DN expression completely inhibited reovirus-induced
Bid cleav,age‘, indicating that Bid cleavage is caspase-8 dependent (Fig. 4C).

Reovirus infection is associated with activation of caspase-3 and caspase-7;
Effector caspases, including caspases-3, -6 and -7, form part of the final common
pathway for death receptor, mitochondrial, and ER/Golgi apoptotic pathways. Having
shown that reovirus infection resulted in activation of both death receptor aﬁd
mitochondrion-associated initiator caspases we next wished to determine which effector
caspases were activated. Caspase-3 activation was evaluated by western blot usiﬁg an
antibody specific for the activated form of the enzyﬁe. Activation of caspase-3 is
associated with the appearance of specific cleavage product at ~20 kD representing the
large subunit of active caspase-3. As shown in Fig. 5A, this fragment appears beginning
at ~8 hrs post-infection in reovirus infected cells, but not in the mock infected controls.
There is a biphasic activation profile, with the initial éctivation phase beginning at 8 hrs
post-infection and a second, more intense activation phase beginning at 24 hrs post-

infection (Fig. 5A). A similar pattern of caspase activation was seen in a fluorogenic



substrate assay using a caspase-3 specific substrate (DEVD-AFC). An initial phase of
activation at 6-12 hrs was followed by a rapid activation peak 12-18 hrs (Figure 5B).
Activated caspase-3 cleaves a variety of cellular substrates to induce the mQrphological
hallmarks of apoptosis. We therefore examined the cleavage of PARP. PARP is cleaved
by caspase-3 from the full-length 116 kD protein to an 85 kD inactive fragment. As
shown in Fig. 5C, PARP cleavage exceeding that seen in mock-infected cells was first
detectable at 14 hrs post-infection and persisted until 2720 hrs post-infection. These
experiments established that reovirus infection results in activation of the effector
caspase, caspase-3 and is associated with cleavage of cellular substrates of caspase-3.

Other effector caspases may also be activated downstrez;;h of éaspase—8 and caspase-9.
Therefore, we examined the activation state of two other effector caspases, caspase-6 and
caspase-7. We found no evidence by immunoblot of caspase-6 activation in reovirus-
infected cells (data not shown). Caspase-7 is activated in infected cells as evidenced by
the detection of the 20 kD large subunit of active caspase-7 (Fig. 6). However, caspase-7
activation appears to occur later than activation of caspase-3, and the amount of
activation appears less.

In order to determine whether activation of effector caspases was completely dependent
on the initial activation of death-receptor mediated pathways, we examined effector
caspase activation in cells stably expressing DN-FADD. As shown in Fig. 7, the |
activation of both caspase-3 and caspase-7 is blocked in cells stably expressing DN-
FADD. This suggests that activation of death-receptor initiated apoptotic signaling

pathways is'required for reovirus-induced effector caspase activation and apoptosis.
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Bcl-2 overexpression inhibits effector caspase activation following reovirus
infection. Although experiments with FADD-DN indicated that death-receptor
pathways were necessary for reovirus-induced apoptosis, this process could require
amplification via the mitochondrial pathway to be effective. Inhibition of apoptosis by
Bcl-2 strongly supports an essential role for mitochondrial apoptotic pathways (28, 29).
We have previously shown that reovirus-induced apoptosis is inhibited in MDCK cells
| over-expressing Bcl-2 (27). We wished to determine whether Bcl-2 expression in HEK

cells inhibited caspase activation. Caspase activation was examined using both western
blot analysis and fluorogenic substrate assays. As shown in Fig. 7A and 7B, activation of
both caspase-3 and caspase-7 is inhibited in cells over-expressing Bel-2.  Caspase-3
activity, as measured in a fluorogenic substrate assay, is also significantly reduced in
these cells (Fig. 7C). These results indicate that activation of the mitochondrial apoptotic
pathway is crucial for effector caspase activation following reovirus infection.

Effects of synthetic caspase peptide inhibitors on caspase-3 activation. Caspases

can be categorized into three major groups based on their pattern of substrate specificity
(34, 36). Group I includes caspase-1, -4, and -5; group II includes caspase-2, -3, and -7;
group III includes caspase-6, -8 and -9. Cell permeable, reversible, peptide caspase
inhibitors have been developed based on these caspase substrate profiles (34, 36). We
tested the capacity of three reversible cell permeable caspase inhibitors with specificity
for group I (Ac-YVAD-CHO), group II (Ac-DEVD-CHO), and group III (Ac-IETD-
CHO) caspases to inhibit reovirus-induced caspase-3 activation at 18 hrs post-infection.
As shown in Fig. &, the gréup IT inhibitor Ac-DEVD-CHO completely inhibited reovirus-

induced caspase-3 activity at a concentration of 10 uM. The group I inhibitor (Ac-
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YVAD-CHO) had no effect on caspase-3 activation, consistent with a lack of
involvement of caspases-1, -4 or -5 in reovirus-induced apoptosis. The group III
inhibitor Ac-IETD-CHO achieved maximal inhibition of reovirus-induced caspase-3
activation at a concentration of 5 uM. However, the maximum degree of inhibition
(65%) was not as high as that seen with the group II inhibitor. These data suggest that
while the activation of group HI caspases, including caspase-8 and -9, is critically
important to reovirus-induced apoptosis that other as yet unidentified caspases may also
contribute to caspase-3 activation. However, the fact that expression of DN-FADD was
as effective as treatment with the group II inhibitor Ac-DEVD-CHO in blocking caspase-
3 activation, suggests that the apical caspases that contribute to caspase-3 activation all

depend on an initial death-receptor initiated caspase activation signal.

Discussion

Understanding the mechanisms of virus-induced apoptosis is crucial to understanding
how viruses injure target tissues and induce disease. The exact pathways leading to
virus-induced apoptosis are still incompletely understood. Since caspases play é central
role in virtually all known apoptotic signaling pathways, it is not surprising that they have
been implicated in virus-induced apoptosis. Pancaspase peptide inhibitors have been
shown to inhibit apoptosis induced by viruses as diverse as Sindbis (16, 21), HIV-1 (4,
31), Herpes simplex virus type 1 (13), influenza (33), Sendai (5), and TGEV (11).

The events that initiate caspase activation in virus-infected cells are still incompletely

understood. Activation of caspase-§ plays an important role in apoptosis induced by
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HIV-1 .(31), influenza (33), Sendai (5), and Sindbis (21), suggesting that death-receptor
initiated processes may be important in apoptosis induced by these viruses.

Many forms of virus-induced apoptosis are inhibited by anti-apoptotic members of the
Bcl-2 family (22, 25, 30, 35). One of the most thoroughly investigafed mechanisms for
the anti-apoptotic actions of Bcl-2 involves its inhibition of the release of cytochrome ¢
from mitochondria (1, 26). Abnormalities of mitochondrial transmembréne potential and
release of cytochrome ¢ have been described following infection with HIV (12), TGEV
(11), chicken anemia virus (8), and herpes simplex virus (13). These studies suggest
that both mitochondrial and death-receptor mediated péthways may play an important
role in virus-induced apoptosis.

We have used reovirus infection in HEK cells to provide a detailed characterization of
the cellular pathways involved in virus-induced apoptosis. Mammalian reoviruses induce
apoptosis in several cell lines in vitro (6, 7, 27, 38) as well as in target tissues including
the heart and CNS in vivo (9, 23, 24). Reovirus-induced apoptosis involves the
DR4/DR5/TRAIL system of cell surface death receptors (6). Over-expression of Bcl-2
inhibits reovirus-induced apoptosis in MDCK cells (27) suggesting that mitochondrial
pathways also play a critical role in reovirus-induced apoptosis.

We now provide the first comprehensiize characterization of the activation of caspase
pathways following reovirus infection. In this study we found that caspase-8 was
activated within 8 hrs of reovirus infection. The activation of caspase-8 occurs in two
distinct phases, consistent with a model in which initial death-receptor mediated
activation of caspase-8 is subsequently augmented by activation of caspase-9 or other

caspases (discussed below). Following activation, caspase-8 cleaves Bid, a pro-
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apoptotic Bcl-2 family protein. Cleaved Bid provides an essential link between reovirus-
induced death-receptor mediated caspase-8 activation and activation of mitochondrial
pathways. Inhibition of caspase-8 activation by over-expression of DN-FADD prevented
Bid cleavage. These findings, in conjunction with our previous studies indicating that
Bci-2 expression inhibited reovirus apoptosis in MDCK cells (27) suggested that

reovirus infection also activated the mitochondrial apoptotic pathway. Therefore we

" examined cytochrome c release and caspase-9 activation following reovirus infection.

Cytochrome ¢ was found to be present in the cytoplasm of infected cells at ~10 hr post
infection. Additionally, cytochrome ¢ reléase was blocked in FADD-DN expressing cells
suggesting that this event requires caspase-8. We also examined caspase-9 activation by
western blot analysis. Caspase-9 is activated at ~12 hr post infection.

Having shown that reovirus infection was associated with activation of both death-
receptor and mitochondrial-associated initiator caspaseé we next wished to determine
which effecfor caspases were subsequently activated. We used multiple experimental
approaches to show that the effector caspase, caspase-3 is activated beginning at ~8 hrs
post infection and peaking at ~18 hr post infection. Additionally, caspase-7 was
activated in reovirus-infected cells, although this event occurs later than caspase-3
activation. Another effector caspase, caspase-6, was not activated in reovirus-infected
cells.

There is evidence that although mitochondrial cytochrome c release and caspase-9

-activation occur downstream of death receptor stimulation, that these events are not

necessarily required for all forms of death-receptor initiated apoptosis (28, 29). In order

to evaluate the contribution of the mitochondrial pathway to reovirus-induced apoptosis
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we examined the effects of Bcl-2 overexpression on effector caspase activation following
reovirus infection. We found that overexpression of Bcl-2 inhibits the activation of both
caspase-3 and caspase-7. This provides further evidence of the importance of the
mitochondrial apoptotic pathway in reovirus-induced cell death.

Caspases can be broadly grouped into three categories based on their pattern of
substrate specificity - (34, 36). We tested the capacity of inhibitors representing each of
these groups to inhibit reovirus-induced caspase-3 activation. A group II caspase
inhibitor completely blocked reovirus-induced caspase-3 activ.ity at low concentrations.
This result is consistent with the known activation of caspases-3 and -7 in reovirus
infection. A group I caspase inhibitor had no effect, even at high concentrations. This
suggested that caspases-1, -4 and -5 do not play a significant role in reovirus-induced
apoptosis. A group III caspase inhibitor significantly reduced caspase-3 activity, but its
effect was only partial when compared to the Group Il inhibitor. This result was
consistent with our observation that caspase-8 and -9 were involved in reovirus-induced
caspase-3 activation. The lack of complete inhibition of caspase-3 activation by the group
IIT inhibitor suggests that additional, as yet unidentified, caspases may also contribute to
reovirus-induced caspase-3 activation. However, the complete inhibition of caspase-3
activation seen in cells expressing DN-FADD suggests that death receptor activation is
the key initiating event in all reovirus-induced caspase activation cgscades that ultimately

contribute to effector caspase activation.
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Figure Legends

Fig. 1. Reovirus infection induces the activation of caspase-8. HEK 293 lysates were
prepared at the indicated times points from mock-infected or reovirus-infected cells and
probed with anti-caspase-8 antibodies and anti-actin antibodies (A). Control lanes
represent Jurkat cell lysates untreated (-) or treated (+) with aptivating anti-Fas antibody
and harvested at 8 hr post treatment. The graph displays densitometric analysis of the
virus-infected western blot analysis (B). Values are expressed as arbitrary densitometric
units.

Fig. 2. Cytochrome c is present in the cytosol of reovirus infected cells. HEK 293
cell lysates (A) and FADD-DN expressing HEK 293 cells lysates (B) were prepared at
the indicated time points as described (see Materials and Methods) and resolved using
SDS-PAGE. Western blot analysis was performed using anti-cytochrome ¢ antibodies
and anti-cytochrome ¢ oxidase (subunit II).

Fig. 3. Caspase-9 is activated in reovirus-infected cells. HEK 293 cell lysates were
prepared from mock-infected or reovirus-infected cells at the indicated time points and
resolved by SDS-PAGE. Western blot analysis was performed using anti-caspase-9 |
antibodies. |

Fig. 4. Reovirus infection leads to cleavage of full length Bid. Lysates were prepared -
at the indicated time points from mock-infected or reovirus-infected HEK 293 cells (A)
and reovirus infected FADD-DN expressing HEK 293 cells (C) and probed with anti-Bid
antibodies and anti-actin antibodies. The graph displays densitometric analysis of the
virus-infected western blot analysis (B). Values are expressed as arbitrary densitometric

units.



Fig. 5. Reovirus infection leads to activation of caspase-3. Western blot analysis was
performed using HEK 293 lysates harvested at the indicated time points from mock-
infected and reovirus-infected cells and probed with anti-caspase-3 antibodies (A) or anti-
PARP antibodies (C). Control lanes represent Jurkat cell lysates untreated (-) or treated
(+) with activating anti-Fas antibody and harvested at 8 hr post treatment. Fluorogenic
substrate assays (B) were performed in triplicaté. Error bars represent standard error of
the mean. Fluorescence is expressed as arbitrary units.

Fig. 6. Caspase-7 is activated following reovirus infection. Western blot analysis/ was
performed using HEK 293 lysates harvested at the indicated time points from mock-
infected and reovirus-infected cells and probed with anti-caspase-7 antibodies. Control
lanes represent Jurkat cell lysates untreéted (-) or treated (+) with activating anti-Fas
antibody and harvested at 8 hr post treatment.

Fig. 7. Effector caspase activation in inhibited in FADD-DN expressing cells.
Western blot analysis was performed using cell lysates prepared from reovirus-infected
cells at the indicated time points and probed with anti-caspase-3 antibodies and anti-
caspase-7 antibodies (A). Control lanes represent Jurkat cell lysates untreated (-) or
treated (+) with activating anti-Fas antibody and harvested at 8 hr post treatment.
Fluorogenic substrate assays (B) were performed in triplicate. Error bars represent
standard error of the mean. Fluorescence is expressed as arbitrary units.

Fig. 8. Effector caspase activation is inhibited in Bcl-2 overexpressing cells. Western
blot analysis was performed using cell lysates prepared from reovirus-infected cells at the

indicated time points and probed with anti-caspase-3 antibodies and anti-caspase-7



antibodies (A). Control lanes represent Jurkat cell lysates untreated (-) or treated (+) with
activating anti-Fas antibody and harvested at 8 hr post treatment. Fluorogenic substrate
assays (B) were performed in triplicate. Error bars represent standard error of the mean.
Fluorescence is expressed as arbitrary units.

Fig. 9. Synthetic peptide inhibition of DEVD-specific caspase activation. HEK 293
cells were pretreated with the synthetic peptide inhibitors at the concentrations shown for
1 hr prior to reovirus infection (M.O.1. 100). Fluorogenic; substrate assays were
performed at 18 h post infection. Values are expressed as percent inhibition where

untreated reovirus-infected cells represent 0% inhibition and mock-infected cells repesent

100% inhibition.
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ABSTRACT

Mammalian reovirus infection results in perturbation of host cell cycle
progression. Since reovirus infection is known to activate cellular transcription factors,
we investigated alterations in cell cycle related gene expression following HEK?293 cel'l
infection using the Affymetrix U95A microarray. Serotype 3 reovirus infection results in
differential expression of 10 genes classified as encoding proteins that function at the G,
to S transition, 11 genes classified as encoding proteins that functioh at Go,to M
transition, and 4 genes classified as encoding proteins that function at the mitotic spindle
checkpoint. Serotype 1 reovirus infection results in differential expression of 4 genes
classified as encoding proteins that function at the G, to S transition, 3 genes classified as
encoding proteins that function at G, to M transi;ion, and does not alter any genes
classified as encoding proteins that function at the mitotic spindle checkpoint. We have
previously shown that serotype 3, but not serotype 1, reovirus infection induces a GytoM
transition arrest resulting from inhibition in cdc2 kinase activity. Of the differentially
expressed genes encoding proteins regulating the G, to M transition, chkl, weel, and
GADDA45 are known to inhibit cdc2 kinase activity. A hypothetical model describing
serotype 3 reovirus-induced inhibition of cdc? kinase is presented, and reovirus-induced

perturbation of the G, to S, G2 to M and mitotic spindle checkpoints are discussed.

(3]



INTRODUCTION

Perturbation of cell cycle regulation is a characteristic of infection by viruses
belonging to a diverse group of viral families. The reasons viruses stimulate proliferation
or induce cell cycle arrest are not completely understood. In some cases, virus replication
may depend on the availability of host cell precursors, whose abundance varies in a cell
cycle specific manner. In other cases, kinases critical in regulating cell cycle progression
may be essential for phosphorylating viral proteins (reviewed in 58);

Reoviruses infect a variety of mammalian hosts and serve as an important
experimental system for studying the molecular bases of viral pathogenesis (reviewed in
80). Reoviruses also provide a valuable model for studying virus-induced perturbations
in cell cycle regulation, since reovirus infection has been associated with G, arrest, Go/M
arrest, and disruption of the mitotic spindle apparatus (see below). Inhibition of host cell
DNA synthesis is one of the earliest cytopathic effects observed following serotype 3
reovirus infection in cultured cells (reviewed in 53). It was originally suggested that
serotype 3 reovirus-induced inhibition of cellular proliferation resulted from inhibition in
the initiation of DNA replication (14, 27, 68). However, the degree of cell culture
synchronization prior to infection was either incomplete or not specified in these studies,
impeding accurate identification of the cell cycle phase affected (14, 68).

Serotype 3 prototype strains type 3 Dearing (T3D) and type 3 Abney (T3A)
inhibit cellular DNA synthesis to a greater extent than the serotype 1 prototype strain type
1 Lang (T1L) in a variety of cell lines (20, 23, 75, 82). Studies using T1L X T3D and
T1L X T3A reassortant viruses indicate that the serotype 3 S1 gene is the primary

determinant of differences in the capacity of reovirus strains to inhibit DNA synthesis



(75, 82). The reovirus S1 gene segment is bicistronic, encoding the viral attachment
protein, o1, and a non-virion associated protein, ¢1s, from overlapping, alternative open
reading frames (53).

Studies using purified recombinant serotype 3 ¢1 protein, and an anti—idiotype
antibody (87.92.6) generated against the T3D o1-specific monoclonal antibody 9BGS
suggest that inhibition of DNA synthesis in some cells may result from engagement of a
cell surface receptor by 61 (23, 70-72). For example, treatment of R1.1 thymoma cells
. with purified T3D o1 results in a reversible G; to S transition arrest (70, 71). The
mcchanisﬁx for T3D ol-induced G to S arrest is not clear, but may involve inhibition of
p21™ (Ha-ras), since overexpression of Ha-ras prevents T3D ol-induced Gy to S
transition arrest (71, 72).

We have shown that reovirus infection inhibits cellular proliferation by inducing a
Go/M phase cell cycle arrest in a variety of cell types (63). T3A and T3D induce G,/M
phase cell cycle arrest to a greater extent than T1L (63). Like strain specific differences
in the capacity of reovirus to inhibit DNA synthesis (82), strain-specific differences in the
capacity of reovirus to induce G»/M phase cell cycle arrest is determined by the serotype
3 S1 gene (63). The S1 encoded ols protein is both necessary and sufficient to induce
G>/M arrest since a gls-deficient reovirus mutant fails to induce Go/M arrest and
inducible expression of o1s results in accumulation of cells in the Go/M phase of the cell
cycle (63).

G, to M transition requires the formation and activation of the p34°®“*/cdk1
(cdc2)-cyclin B heterodimeric complex (reviewed in 38, 55). Activation of the cdc2-

cyclin B complex is regulated by inhibitory phosphorylation of cdc2 (76). We showed



that cdc2 kinase activity is inhibited following serotype 3, not serotype 1, reovirus
infection (62). Inhibition of cdc2 kinase activity is, in part, due to serotype 3 o1s-
dependent phosphorylation of cdc2 (62). However, the pathway(s) leading to cdc2 kinase
inhibition following serotype 3 reovirus infection remains unclear.

Since G, phase arrest cannot easily be distinguished from M phase arrest by flow
cytometry using DNA intercalating dyes, it is possible that both G, to M checkpoint
arrest and mitotic spindle checkpoint arrest contribute to reovirus-induced G»/M phase
cell cycle arrest. Electron microscopic studies have shown that reovirus particles align
along parallel arrays of microtubules and have the capacity to bind microtubules in vitro
(3). Serotype 3 reovirus particles associate with microtubules of the mitotic spindle
apparatus in infected cells (15), and require microtubule stability for fast axonal transport
(81). In addition to association with microtubules, reovirus infection results in
progressive disruption and reorganization of the vimentin (intermediate) filament
network (74). The binding of reovirus to microtubules and the disruption of vimentin
filaments may lead to changes in microtubule tension or binding to the kinetochore.
Reovirus-induced disruption of the microtubule-kinetochore association could lead to
activation of the mitotic spindle checkpoint and M phase cell cycle arrest (2, 78).

Serotype 3 reovirus infection activates the cellular transcription factors NF-xB (4,
13) and c-jun (P. Clarke, personal communication). Activation of transcription factors
following reovirus infection suggests that gene expression is critical in reovirus-induced
pathogenesis. To identify potential pathways leading to serotype 3 reovirus-induced
inhibition of proliferation, we conducted experiments to investigate the transcriptional

response following serotype 3 and serotype 1 reovirus infection. High-throughput



screening of over 12,000 genes using oligonucleotide microarrays has identified potential
reovirus-induced signaling pathways regulating cell cycle control. Of the genes
differentially expressed following reovirus infection, several encode regulators of the

critical G, to M transition kinase cdc2.



MATERIALS AND METHODS

Infection. Human embryonic kidney (HEK293) cells (ATCC CRL1573) were
plated in T75 flasks (Becton Dickinson, Franklin Lakes, NJ) at a density of 5 X 10° cells
per flask in a volume of 12 ml Dulbecco’s modified Eagle’s medium (DMEM)
supplemented to contain 10% heat-inactivated fetal bovine serum, 2 mM L-glutamine
(Gibco-BRL, Gaithersburg, MD), 1 mM sodium pyruvate (Gibco-BRL) and 100 U of
penicillin per ml and 100 pg of streptomycin per ml (Gibco-BRL). .After 24 h of
incubation, when cells were 60-70% confluent, the medium was removed, and cells were
infected with viral strain T3A at a multiplicity of infection (MOI) of 100 PFU per cell in
a volume of 2 ml at 37°C for 1 h. High MOI was used to ensure that all susceptible cells
were infected, and studies in our laboratory indicate that high MOI enhances the
reproducibility of gene expression studies. Following infection, 10 ml of DMEM was
added and flasks were incubated at 37°C. Control infections were inoculated with a
virus-free cell lysate control. In order to identify differentially regulated transcripts
important for serotype 3 reovirus-induced cell cycle perturbation, an identical experiment
using T1L was performed.

cRNA target preparation and hybridization. Cells were harvested at 6, 12 and
24 h post-infection, washed with PBS, and total RNA was isolated using the RNeasy
Mini Kit (Qiagen, Valencia, CA). 10 pg of RNA was converted to cDNA using
SuperScript Choice (Gibco-BRL) substituting HPLC purified T7-oligo-d(T)»4 for random
primers. Second strand synthesis was performed using T4 DNA polymerase and cDNA
was isolated by phenol/chloroform extraction using phase lock gels. Isolated cDNA was

in vitro transcribed using the BioArray High Yield RNA Transcript Labeling Kit (Enzo



Biochem, New York, New York) supplied with biotin labeled UTP and CTP to produce
biotin labeled cRNA. Labeled cRNA was isolated using an RNeasy Mini Kit column
(Qiagen), and quantified for purity and yield. cRNA was fragmented in 100 mM
potassium acetate, 30 mM magnesium acetate and 40 mM Tris-acetate, pH 8.1 for 35 min
at 94°C and hybridization performance was analyzed using Test 2 arrays (Affymetrix,
Santa Clara, CA). Target cRNA was hybridized to the US5A microarray (Affymetrix) as
per Affymetrix protocols. Briefly, 15 pg of fragmented cRNA was ﬁybridized for 16 h at
' 45°C with constant rotation (60 rpm). Microarrays were washed and stained with
streptavidin conjugated phycoerythrin (SAPE) using the Affymetrix GeneChip® Fluidic
Station 400 (Affymetrix). Staining intensity was antibody amplified using a biotinylated
anti-streptavidin antibody at a concentration of 3 pg per ml followed by a second SAPE
stain and visualized at 570 nm. All hybridization steps were performed at the UCHSC
Cancer Center Microarray Facility.

Data analysis. Each gene on the U95A array is represented by 20 different 25
base cDNA oligonucleotides complementary to a cRNA target transcript (perfect match).
As a hybridization specificity control, an oligonucleotide containing a single base
substitution corresponding to each perfect match cDNA oligonucleotide (mismatch) is
represented on the array. The combination of perfect match and mismatch cDNA
oligonucleotides for each gene is termed a probe set. Using Affymetrix-defined absolute
mathematical algorithms describing perfect match and mismatch intensities, each gene
was defined as absent or present and assigned a value. Binding intensity values were
scaled to evaluate differential expression following reovirus infection. Using

Affymetrix-defined comparison mathematical algorithms, a reovirus-induced transcript



was classified as not changed, marginally increased, marginally decreased, increased or
decreased, and a fold change in expression was calculated. Nucleotide accession
numbers for transcripts that were not changed and cited in the text appear in Table 2.
Since each condition was performed in duplicate, we used two additional criteria to
classify a gene as significantly up or downregulated following reovirus infection: (1)
Reovirus-induced expression of a gene at each timepoint must be classified as
increased/marginally increased (or decreased/marginally decreased) ‘in each virus-
infected condition compared to each mock-infected condition. (2) The mean fold change
in reoviras-induced gene expression must be greater than 2. Mean transcriptional
expression of a gene at a timepoint was calculated by the sum of the fold change in gene
expression for each virus-infected condition compared to each mock-infected condition
divided by four. Standard errors indicate standard errors in mean transcriptional
expression of a gene.

RT-PCR. HEK293 cells were infected as described above. Cells were harvested
at 12 and 24 h post-infection, washed with PBS, and RNA was isolated. 5 ug of RNA
was converted to cDNA using the SuperScript Preamplification System (Gibco-BRL)
supplied with oligo-d(T)12.1s primer. Reverse transcription was performed at 42°C for 1
h. PCR was performed using primers generated against chkl (AF016582) (forward: 5°-
CTG AAG AAG CAG TCG CAG TG-3"; reverse: 5-TTC CAC AGG ACC AAA CAT
CA-3"), weel (U10564) (forward: 5"-AAC CTC AAT CCC AAA TGC TG-37; reverse:
5°.TTG CCA TCT GTG CTT TCT TG-3"), GADD45 (M60974) (forward: 5-TGC GAG
AAC GAC ATC AAC AT-3"; reverse: 5-TCC CGG CAA AAA CAA ATA AG-37), and

B-actin (BC004251) (forward: 5-GAA ACT ACC TTC AAC TCC ATC-3"; reverse: 57-



CGA GGC CAG GAT GGA GCC GCC-3"), yielding product sizes of 495, 506, 200, and
219 base pairs, respectively. PCR cycle conditions were 94°C for 30 s, 55°C for 30 s and
72°C for 1 min for 25 cycles. Dilutions of cDNA were performed to determine the linear
range for each primer pair. PCR products were resolved on a 2% agarose gel containing
ethidium bromide and visualized with UV light. Densitometric analysis was performed

using a FluorS Multilmager System and Quantity One software (Biorad, Hercules, CA).
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RESULTS

Reovirus-induced alterations in transcription. Previous work has established
that serotype 3, not serotype 1, reovirus infection induces perturbations in cell cycle .
regulation. To identify potential pathways exploited by serotype 3 reovirus to deregula.te
host cell cycle, we evaluated the profile of HEK293 cellular transcription following T3A
infection at 6, 12 and 24 h using the Affymetrix U95A microarray. We found that
serotype 3 reovirus infection induced significant changes in the expréssion of 25 genes
encoding proteins regulating cell cycle progression. Ten genes (40%) were classified as
encoding proteins that function at the Gy to S transition, 11 genes (44%) were classified
as encoding proteins that function at the G, to M transition, and 4 genes (16%) were
classified as encoding proteins that function at the mitotic spindle checkpoint (Table 1).
Twenty cell cycle related transcripts were increased following serotype 3 reovirus
infection and 5 transcripts were decreased. Four of the 5 downregulatéd genes were
classified as transcripts encoding proteins regulating G to M transition. No cell cycle
related genes were differentially expressed at 6 h post-infection. At 12 h, 5 cell cycle
related genes were found to be differentially expressed following serotype 3 reovirus
infection, 2 were upregulated and 3 were downregulated. Four of the 5 genes altered at
12 h post-infection were classified as transcripts encoding proteins regulating G, to M
transition. At 24 h post-infection, 23 cell cycle related genes were found to be
differentially expressed, 19 were upregulated and 3 were downregulated. One transcript
found to be upregulated and one found to be downregulated at 12 h post-T3A infection
were increased and decreased at 24 h post-infection, respectively. Histone H1, histone

H2A and weel were represented twice on the array, and histone H2B was represented 6
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times. Fold changes in gene expression for replicates and for multiple representations of
a gene were highly reproducible.

To identify differentially regulated transcripts important for serotype 3 reovirus
induced cell cycle perturbation, we compared the profile of HEK293 cellular
transcription following T1L infection at 24 h post-infection using the Affymetrix U95A
microarray. We found that serotype 1 reovirus infection induced significant changes in
the expression of 6 genes encoding proteins regulating cell cycle progression. Three
genes (50%) were classified as encoding proteins that function at the G to S transition,
and 3 genes (50%) were classified as encoding proteins that function at the G, to M
transition (Table 1). T1L infection did not alter any genes classified as encoding proteins
that function at the mitotic spindle checkpoint at 24 h post-infection (Table 1). Each cell
cycle related transcript differentially regulated following serotype 1 reovirus infection
was increased. T1L infection resulted in differential regulation of 23% of transcripts
differentially regulated by T3A at 24 h post-infection. The transcript encoding E2F6 was
the only cell cycle related transcript differentially regulated by T1L infection that was not
differentially regulated by T3A infection. Of the 9 T3A regulated transcripts encoding
proteins that function at the Gy to S transition at 24 h post-infection, 2 (22%) were
differentially regulated by T1L. Of the 9 T3A regulated transcripts encoding proteins
that function at the G, to M transition at 24 h post-infection, 3 (33%) were differentially
regulated by TIL. These results indicate that serotype 3 reovirus infection perturbs the
differential expression of genes encoding proteins that regulate the G; to S, G, to M and
mitotic spindle checkpoints, and that T1L infection results in differential regulation of a

subset of these transcripts. In addition, the earliest detectable changes in transcription

12



following T3A infection were genes encoding G, to M regulatory proteins, suggesting
that deregulation of the G, to M transition is an early event following serotype 3 reovirus
infection.

Reovirus-induced alterations in genes encoding proteins that regulate G t(; S
progression. Treatment of specific cell types, including R1.1 thymoma cells, with
purified T3D-61 protein leads to a reversible G, to S transition arrest that depends upon
the inhibition of Ha-ras (70-72). Ten genes encoding proteins that function at the G, to S
transition were altered following serotype 3 reovirus infection. The level of Ha-ras
transcription was not changed following reovirus infection. The expression of the gene
encoding N-ras was also not inhibited and, was, in fact, increased 2.1 £ 0.2 fold in
serotype 3 reovirus-infected cells at 24 h post-infection (Table 1).

The G to S transition requires activation of cyclin dependent kinases (cdk) (57).
Cdk2, 4 and 6 kinase activity results in phosphorylation of the retinoblastoma protein
(pRb) and the pRb related proteins, p107 and p130. Phosphorylation of pRb leads to
activation of the transcription factor E2F (31). The level of cdk4 transcription was not
changed following reovirus infection (Table 2). Cdk?2 and 6 were not represented on the
U95A microarray. The levels of pRb, p107, p130, E2F1, 2, 4, 5, and 6 transcription were
not changed following reovirus infection (Table 2), except for the transcript encoding
E2F6, which was upregulated 2.1 £ 0.1 fold following T1L infection (Table 1).
Activation of cdk2, 4 or 6 requires binding to cyclin E or cyclin D (31). CyclinE

expressioh was reduced 2.8 + 0.1 fold in serotype 3 reovirus-infected cells. However, the

level of cyclin E2, a cyclin E isoform, gene expression was increased 2.1 0.2 fold in
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serotype 3 reovirus-infected cells (Table 1). The levels of cyclin D1, 2, and 3 expression
were not changed following reovirus infection (Table 2).

Activation of cdk2 depends upon its phosphorylation state (57). The level of
protein phosphatase 2C (PP2C) transcription at 24 h post-infection with T3A was 5.3 +
0.4 greater than a mock-infected control. Cdk-cyclin complex activity is known to be
inhibited by cyclin dependent kinase inhibitors (CDKI) (29, 31). The levels of CDKI
expression, including p21WAF1/ cIR p27%1PL, p57KIP 2 p16INK4a, plSINK4b, and p19™F were
not changed following reovirus infection (Table 2). Since active cdk2, 4 or 6 kinase
results in E2F dependent transcription, the transcriptional level of E2F responsive genes
necessary for G to S transition, including cyclin E, cyclin A, cdc2, cdc25C, p21WAF” CIP],
c-myc, B-myb, p107, E2F1, E2F2, dihydrofolate reductase, thymidine kinase, DNA
polymerase ., histone H2A and cdc6, serve as a measure of cdk2, 4 or 6 kinase activity
(26). The level of these E2F responsive transcripts were not changed following reovirus
infection except for cyclin E, c-myc, and DNA polymeraseA o, which were downregulated
2.8£0.1,2.0£0.0, and 2.5 + 0.2 fold following serotype 3 reovirus infection,
respectively, and histone H2A and cdc2, which were upregulated 2.0 £ 0.1 or 2.2 + 0.1
and 1.8 fold in serotype 3 reovirus compared to mock-infected cells. The failure to detect
a coherent pattern of gene expression encoding key Gj to S checkpoint control proteins is
consistent with our observation that reovirus infection does not induce G, arrest in
HEK?293 cells. However, we did find changes in expression of genes encoding histones,
cyclin E and E2, and some E2F responsive transcripts following serotype 3 reovirus

infection.
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Reovirus-induced alterations in genes encoding proteins that regulate G; to
M progression. We have previously shown that serotype 3 reovirus-induced G»/M phase
cell cycle arrest is due to inhibitory phosphorylation of cdc2 (62). Eleven genes encoding
proteins that function at the G; to M transition were altered following serotype 3 reovirus
infection. These changes were among the earliest changes in gene expression identified
in serotype 3 reovirus-infected cells. The level of cdc2 transcription at 24 h post-
infection with T3A was 1.8 fold greater than a mock-infected control. We have not

reproducibly detected changes in levels of cdc2 protein in reovirus-infected cells,

however we have consistently found an increase in the proportion of

hyperphosphorylated cdc2 following serotype 3 reovirus infection (62). An increase in
cdc2 phosphorylation could result from an increase in weel kinase activity, which
directly phosphorylates and inactivates cdc2 (60). weel was determined to be
upregulated at 24 h post-infection using the U95A microarray (Table 1). The level of
weel transcription at 24 h post-infection with T3A was 2.4 £ 0.1 (for accession number
U10564) and 2.5 = 0.1 (for accession number X62048) fold greater than a mock-infected
control. The increase in weel transcription following T3A infection was confirmed by
RT-PCR and was 1.8 = 0.1 fold greater than a mock-infected control at 24 h post-
infection (Fig. 1A). The level of weel transcription at 24 h post-infection with T1L was
1.9 £ 0.1 (for accession number U10564) and 2.0 £ 0.1 (for accession number X62048)
fold greater than a mock-infected control. Increased levels of weel kinase may result in
inhibitory phosphorylation of cdc2 following serotype 3 reovirus infection, but increases
in weel is not sufficient for serotype 3 reovirus-induced phosphorylation of cdc2 since

T1L infection results in similar increases in weel transcription.



Increased inhibitory phosphorylation of cdc2 following reovirus infection could
also result from inactivation of the cdc2 specific phosphatase cdc25C (reviewed in 38).
Following reovirus infection, the level of cdc25C transcription was not changed (Table
2). The kinase chk1 can enhance weel kinase activity (56) and inhibit cdc25C
phosphatase activity (22). The level of chkl transcription at 24 h post-infection with
T3A was 3.2 + 0.1 fold greater than a mock-infected control (Table 1). The increase in
chk1 transcription following T3A infection was confirmed by RT-PCR and was 1.6 £ 0.1
fold greater than a mock-infected control at 24 h post-infection (Fig. 1B). This suggests
that increased levels of chk1 kinase may result in inhibitory phosphorylation of cdc25C
on ser-216 and activation of weel following serotype 3 reovirus infection.

In addition to the inhibition of cdc2 by phosphorylation, serotype 3 reovirus-
induced Go/M phase cell cycle arrest could result from dissociation of _cdc?. from cyclin
B. The level of cyclin B transcription was not changed following reovirus infection
(Table 2), consistent with our studies suggesting that changes in the level of cyclin B
protein are not responsible for reovirus-induced G, to M transition arrest (62).

The growth arrest and damage inducible protein 45 (GADDA45) is known to
inhibit cdc2 kinase activity by physically dissociating cdc2 kinase from cyclin B (87). To
determine whether GADD45 could be responsible for reovirus-induced inactivation of
cdc2, we analyzed the transcriptional expression of GADD45 following serotype 3
reovirus infection. The level of GADD45 transcriptiorn at 12 and 24 h post-infection with
T3A was 3.3 + 0.2 and 4.9 + 0.1 fold greater than a mock-infected control, respectively
(Table 1). The increase in GADD4S5 transcription following T3A infection was

confirmed by RT-PCR and was 1.6 fold greater than a mock-infected control at 24 h post-
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infection (Fig. 1C). The level of GADD4S5 transcription at 24 h post-infection with T1L
was 4.4 £ 0.1 fold greater than a mock-infected control. This suggests that increased
levels of GADD45 may result in inhibition of cdc2 by physically dissociating cdc2 from
cyclin B following serotype 3 reovirus infection, but increases iﬁ GADDA45 is not
sufficient for serotype 3 reovirus-induced phosphorylation of cdc2 since T1L infection
results in a similar increase in GADDA45 transcription. Thus, we found that reovirus
infection induces changes in levels of gene expression encoding key proteins regulating
cdc? kinase activity, including weel, chkl and GADDA45, which is consistent with our
previous studies suggesting a central role for cdc2 inhibition in serotype 3 reovirus-
induced Go/M phase cell cycle arrest (63).

Reovirus-induced alterations in genes encoding proteins that regulate mitotic
spindle checkpoint signaling. Reovirus particles are capable of binding microtubules,
and infection results in progressive disruption of vimentin filaments. Changes in
microtubule tension or binding to the kinetochore could lead to reovirus-induced mitotic
arrest. Four genes encoding proteins that function at the mitotic spindle checkpoint were
altered following reovirus infection. The transcriptional level of mitotic spindle
checkpoint components that monitor spindle abnormalities, including MAD?2, 3 and
BUBI, were not changed following reovirus-infection (Table 2). The level of BUB3
transcription at 24 h post?infection with T3A was 2.2 £ 0.1 fold greater than a mock-
infected control (Table 1). Activation of the mitotic spindle checkpoint leads to
inhibition of the anaphase promoting complex (APC) and M phase cell cycle arrest 2,

78). Nuc2, an APC component, transcription was 2.1 + 0.2 fold greater than a mock-

17



infected control (Table 1). These results suggest that serotype 3 reovirus-induced

alterations in gene transcription may induce M phase cell cycle arrest.
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DISCUSSION

The use of DNA microarray technology following reovirus infection has
identified several genes encoding proteins that may play a role in serotype 3 reovirus-
induced disruption of the cell cycle. The results presented here provide a cornprehensi\./e
overview of alterations in gene expression encoding proteins that regulate cell cycle
progression following reovirus infection.

G; to S checkpoint: Reovirus-induced alterations in G, t0‘S restriction
checkpoint control. Treatment with purified T3D-o1 protein leads to a reversible G to
S phase transition arrest in R1.1 thymoma cells that is dependent upon Ha-ras inhibition
(70-72). However, G; to S arrest is not a universal feature of reovirus infection and does
not occur in reovirus-infected HEK293 cells (63). We were unable to detect changes in
expression of p21™-related genes involved in G, to S regulation, and found that
transcription of the p21™ isoform, N-ras, was selectively increased following serotype 3
reovirus infection.

G to S transition arrest following serotype 3 reovirus infection could result from
inactivation of the G; to S cyclin dependent kinases cdk2, 4, or 6 by the protein
phosphatase PP2C-c.. PP2C-at is known to dephosphorylate activating phosphates on
cdk2 (9), which may result in abrogation of cdk2 kinase activity. Decreased expression
of the cdk2 regulatory cyclin, cyclin E, was counterbalanced by an increase in the
expression of the cyclin E isoform, cyclin E2, suggesting that G, cyclin expression does
not play a significant role in regulating serotype 3 reovirus-induced G to S progression.

Alterations in histone synthesis and alterations in the relative levels of histone proteins

could alter G; to S progression considering the onset of DNA synthesis, but no clear
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model has been elucidated (19). Collectively, these findings indicate that serotype 3
reovirus-induced alterations in gene expression is not consistent with G to S arrest in
HEK?293 cells.

G: to M checkpoint: Reovirus-induced inhibition of cdc2 by phosphorylation.
Serotype 3 reovirus-induced G,/M phase cell cycle arrest results from a reduction in cdc2
kinase activity due to inhibitory phosphorylation (62). An increase in
hyperphosphorylated cdc?2 could be due to either increases in cdc2-specific kinase
activity and/ér decreases in cdc2-specific phosphatase activity. The kinases weel and
mytl, and the phosphatase cdc25C regulate the phosphorylation state of cdc2 (reviewed
in 38). Following serotype’3 reovirus infection, weel transcription is elevated,
suggesting that this kinase may play a role in inhibiting cdc2 (Fig. 2). However, an
elevation in weel transcript is not sufficient for serotype 3 reovirus-induced inhibitory
phosphorylation of cdc2 since the transcript encoding weel kinase is similarly
upregulated following T1L infection. The activity of the cdc2-specific phosphatase
cde25C is regulated by phosphorylation. Hyperphosphorylation of cdc25C results in
active phosphatase activity capable of removing inhibitory phosphates from cdc?2 kinase
(reviewed in 38). Following reovirus infection, cdc25C is inhibited by
dephosphorylation (62). It is suggested that HIV vpr protein can inhibit cde2 kinase
activity (30, 64) through mechanisms requiring weel and involving the inactivation of
cdc25C (35, 48).

Protein phosphatase 2A (PP2A) or PP2A-like activity is capable of negatively
regulating cdc25C by removing activating phosphates (12, 42, 45). HIV vpr is reported

to inactivate cdc25C by physically targeting PP2A to the nucleus and enhancing the
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recruitment and dephosphorylation of ¢cdc25C though association with the PP2A-B55
regulatory subunit (35). Following serotype 3 reovirus infection, we found selective
decreased expression of the PP2A-B56-f regulatory subunit. Since the B56-8 regulatory
subunit is known to localize PP2A to the cytoplasm (50), downregulation of B56-f

production may lead to increased nuclear localization of PP2A following reovirus
infection (Fig. 2). Furthermore, upregulation of SG2NA (S/G; nuclear antigen) may
target PP2A to the nucleus following serotype 3 reovirus infection since SG2NA is
known to both localize to the nucleus (52) and interact with the C subunit of PP2A (51).
However, an elevation in SG2NA transcript is not sufficient for serotype 3 reovirus-
induced dephosphorylation of cdc25C since the transcript encoding SG2NA is similarly
upregulated following T1L infection. Nonetheless, it is possible that reovirus-induced
nuclear localization of PP2A could inhibit cdc25C, which is consistent with cde2
‘hyperphosphorylation and G,/M ‘phase cell cycle arrest found following serotype 3
reovirus infection.

Cdc25C activity is also inhibited following phosphorylation by the kinases chk1
and chk2 (22, 69). Phosphorylation of cdc25C on ser-216 by chk1 or chk2 leads to 14-3-
3 protein binding, which results in sequestration of cdc25C into the cytoplasm (47, 61). 7
Export to the cytoplasm physically separates cdc25C from cdc2 kinase. We have found
that reovirus infection is associated with increased expression of chk1, suggesting that
this kinase plays a role in reovirus-induced inhibition of cdc25C (Fig. 2). Chkl1 kinase
activity is also suggested to regulate weel sub-cellular localization, such that cdc2 kinase

is phosphorylated and inactivated (56) (Fig. 2). This suggests that serotype 3 reovirus
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infection may selectively increase the level of chk1 kinase activity to modulate the
activity of kinases and phosphatases directly responsible for regulating cdc2 activity.

G2 to M checkpoint: Reovirus-induced inhibition of cdc2 by physical
dissociation from cyclin B. An alternative mechanism for cdc?2 inhibition is by physical
interaction with the growth arrest and DNA damage inducible protein, GADD45.
GADDA4S5 inhibits cdc2 kinase by physically dissociating cdc2 from cyclin B (83, 87).
Physicalvdissociation of cdc2 kinase from its regulatory cyclin results in abrogation of
cdc2 kinase activity and G, to M checkpoint arrest (24, 555. Serotype 3 reovirus induces
an increase in GADDA45 expression suggesting that GADDA45 plays a role in reovirus-
induced G, to M checkpoint arrest (Fig. 2). However, an elevation in GADD45 transcript
is not sufficient for serotype 3 reovirus-induced inhibition of cdc? kinase activity since
the transcript encoding GADDA45 is similarly upregulated following T1L infection.

- Interestingly, it is possible that GADD45-induced inhibition of cdc? kinase activity
results in accumulation of cells in the Gy/M phase of the cell cycle following infection
with a Herpes Simplex Virus (HSV) restricted to expressing the infected cell polypeptide
ICPO since this virus induces an increase in GADD45 protein levels (34). The capacity

of GADDA45 to regulate cdc2 activity is a function of protein concentration (83).

GADD45 transcription is regulated by p53 (41, 87) and Brcal (28, 39). We have
preliminary data suggesting that serotype 3 reovirus infection may result in increased
expression of Brcal protein. Reovirus-induced increase in Breal activity may result
from changes in the activity of ATM or ATM-related kinases (46). Although we did not

detect changes in expression of the gene encoding ATM, the expression of FRP1, a



kinase with significant homology to ATM kinases (11), was selectively increased
following serotype 3 reovirus infection.

The data presented in this manuscript and our previous studies are consistent with
a model in which reovirus-induced phosphorylation of cdc2 results in Go/M phase cell
cycle arrest that is dependent upon 61s expression (63). G1s is a highly basic protein (16,
17) that is present in the nucleus of serotype 3 infected cells (7, 67) where it could
directly interact with cdc2 or proteins régulating cdc? kinase activity. However, the role
for o1s in serotype 3 reovirus-induced Go/M phase cell cycle arrest is not yet determined.

Mitotic spindle checkpoint: Reovirus-induced alterations in spindle
checkpoint signaling. Reovirus-induced disruption of the microtubule-kinetochore
association may contribute to Go/M arrest by activating the mitotic spindle checkpoint,
which inhibits the APC and results in M phase arrest (2, 78). Selective expression of
several genes encoding proteins with putative roles in regulating the mitotic spindle
checkpoint were altered following serotype 3 reovirus infection. For example, Bub3 is an
integral component of mitotic spindle checkpoint signaling, localizes to unattached
kinetochores, and phosphorylates and complexes with Bubl (6, 40, 66, 79). The
functions of MPP11 and HZWINT]1 are not completely understood, but have been
speculated to contribute to mitotic spindle checkpoint regulation since they localize to
mitotic structures, including kinetochores (49, 65, 77). These results suggest that
deregulation of mitotic spindle checkpoint proteins may also contribute to serotype 3
reovirus-induced G,/M phase cell cycle arrest.
Other proteins functioning in G, or M. Several genes encoding proteins that influence

both the G, to M and the mitotic spindle checkpoints were selectively differentially
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regulated following serotype 3 reovirus infection. For example, polo-like kinase activity
is important in regulating G, to M transition events by activating cdc25C, and M phase
events including APC regulation, centrosome maturation and bipolar spindle formation
(25, 54). SAK, a polo-like kinase (36), was found to be upregulated following serotype 3
reovirﬁs infection however, the role of SAK in cell cycle regulation is not clear.
Interestingly, expression of murine SAK-a is cell cycle regulated with levels peaking in
M phase, which is consistent with a role in the latter portion of the cell cycle (21). This
suggests that serotype 3 reovirus may perturb both the G, to M transition and mitotic
spindle checkpoint to ensure host cell cycle arrest in the Go/M phase.

Serotype 3 reovirus infection also selectively altered expression of genes
encoding proteins with cdc2-related serine/threonine kinase activity, including C-2k (5)
and PCTAIRE-2 (33). This suggests that serotype 3 reovirus may require cch-like
kinase activity to post-translationally modify a viral protein in a similar fashion to the
phosphorylation of varicella~zoster virus glycoprotein gl (84), Epstein-Barr virus EBNA-
LP (43), hepatitis E virus ORF3 (86), and herpes simplex virus ICPO (1) by cdc2.
Alternatively, cdc2-like kinase activity may be responsible for alterations in cytoskeletal
structure following serotype 3 reovirus infection. As discussed earlier, reovirus infection
leads to disruption and reorganization of vimentin filaments into viral inclusions.
Vimentin organization is regulated by cdc2-related kinase activity (10). PCTAIRE-2
kinase activity may regulate cytoskeletal protein distribution (33). Thﬁs, alterations in
PCTAIRE-2 and Trap (tudor repeat associator with PCTAIRE-2 (32)) following reovirus

infection may lead to cytoskeletal changes necessary for viral inclusion formation. These
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results suggest that the reovirus life cycle may require fnodulation of cdc2-like kinase
activity.

In conclusion, reovirus infection alters a limited subset of transcripts encoding
proteins that function to regulate cell cycle progression. Transcripts encoding proteins
that function at the G; to S, G, to M, and mitotic spindle checkpoints were altered
following serotype 3 reovirus infection. Of this group, genes encoding proteins
regulating G, to M cell cycle transition were among the earliest to show changes vin
expression. This is consistent with our previous studies indicating that serotype 3
reovirus infection of HEK2093 cells induces a Go/M phase cell cycle arrest (63). We
recently showed that G,/M arrest results from inhibition of the key G, to M transition
kinase cdc2 (62). Consistent with these findings, we found changes in expression of
kinases, phosphatases, and GADD proteins that directly and indirectly influence cdc2
kinase activity. These results have enabled us to provide a hypothetical model for

modulating cdc2 kinase activity in serotype 3 reovirus-infected cells.
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FIGURE LEGENDS

Figure 1. weel, chkl and GADD45 transcription is increased following reovirus
infection. HEK293 cells were mock-infected or infected with T3A at an MOI of 100
PFU per cell. mRNA was collected at 12 and 24 h post-infection, and analyzed for weel
(A), chkl (B), and GADD45 (C) transcription by RT-PCR to confirm microarray
analyses. B-actin was used as a control in each RT-PCR. Results for weel and chkl are

representative of 4 and 3 independent experiments, respectively.

Figure 2. Proposed model for serotype 3 reovirus-induced G, to M transition arrest.
cdc2 kinase activity is required for entry into mitosis. Active cdc2 kinase is complexed
with cyclin B and dephosphorylated at Thr14/T yr15. Following reovirus infection cdc2
is inhibited, in part, by phosphorylation. The increase in phosphorylated cdc2 may be
due to upregulation of the kinases chk1 and weel and/or Iocalization‘ of the phosphatase
PP2A to the nucleus, which can inhibit the cdc2 activating phosphatase cdc25C. cdc?2
kinase activity may also be inhibited by dissociation of cyclin B by GADD45. Arrows

indicate activation and blunted lines indicate inhibition.
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Table 1. Reovirus-induced transcriptional alterations in genes known to regulate the cell cycle®

Gene Acccssiogl Fold Change in_ Expresgion Post-
Number Infection (h)*
T3A TIL
12 | 24 24
l G,-S Checkpoint
N-Ras X02751 2.1+02
cyclin B M73812 2.8+0.1
cyclin E2 AF091433 2.1+0.2
PP2C-0 AF070670 53+04
C-1° U41816 22+0.1
ANA/ D64110 29401 | 25+0.1
E2F6 AF041381 2.1+0.1
) c 27+01 | 23+02
Histone H1 X03473 31402 21402
. 119779 2.0+0.1
Histone H2A AI885852 22+0.1
X00088" 20+0.1
780782 28+0.1
Histone H2B Z80780 3.1+£0.3
Z80779 32+02
AAB73858 35.8+06
Histone H4 X00038 47+£0.35
| G»-M Checkpoint
wee1 U10564" 24301 | 1.9%0.1
X62048 25+01 | 2.0+0.1
chk-1 AF016582 3.2+0.1
GADD453 M60974 33+02 | 49+0.1 | 44+0.1
B56- subunit of PP2A 142374 -3.1£03
SG2NA U17989 24+02 | 25402
FRPI U49844 -2.1£0.1
PCTAIRE-2 X66360 26+0.1
Trap AB025254 20+0.3
C-2K X80230 2.110.1
SAK Y13115 3.8+05
Ki-67 antigen” X65550 -19+0.0 | -23+02
[ Mitotic Spindle Checkpoint
BUB-3 AF047472 22+0.1
MPP11 X98260 2.0£0.1
HZWINT1 AF067656 2.6+0.0
Nuc-2' $78234 21402

“ A blank cell represents no change, and genes that are not addressed in the text are referenced in the table legend.
® Corresponds to the nucleotide accession number assigned to the Affymetrix probe set on the U95A microarray.

¢ A negative number indicates that the transcript was downregulated.

“ + indicates the standard error of the mean from two independent experiments.
¢ A possible transcription factor with activity at the G, to S transition (37).

! Overexpression leads to retardation of cell cycle progression trough the G, phase (85).

¥ Represented twice on the U95SA microarray.
" Represented multiple times on the U95A microarray.

’: Gene was not defined as upregulated as defined in the Materials and Methods since it was found to be increased in 3 of 4 analyses.
J Affymetrix assigned GenBank accession number refers to partial coding sequence for Trap. Complete coding sequence is at AB030644.

* General marker of proliferation and may be regulated by cdc2 (reviewed in 18, 73).

! An APC component (reviewed in 59) and may also play arole in G, to S transition (8, 44).
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Table 2. Nucleotide accession numbers for genes that were not changed following T3A or TIL infection

and mentioned in the text

Gene Accession number”
ATM U26455
B-myb X13293
BUBI AF053305
cdc25C M34065
cdchd U77949
cdk4 U37022
cyclin A X51688, U66838”
cyclin B M25753
cyclin D1 M64349
cyclin D2 X68452
.| cyclin D3 M92287

Dihydrofolate reductase

J00146, 100140, J00139°

E2F1

U47677, M96577°

E2F2 1.22846
E2F4 S75174
E2F5 U15642
E2F6 AF041381
Ha-ras J00277
MAD2 AJ000186, U65410°
MAD?3 AF053306
Rb M15400, 49219, L49229, 141913, L41870°
pl107 114812
p130 X74594, X76061°
pl5E AF004819, L36844°
16112:‘; U26727
;?WAFVCIPI gggigé
p27°-+" U10906
p57 e” D64137, U22398°

thymidine kinase

K02581, M15205, U80628°

* Corresponds to the nucleotide accession number assigned to an Affymetrix probe set on the U95A

microarray.

® Represented multiple times on the U9SA microarray.
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